Nitrogen fertilization and crop diversity effects on soil carbon and nitrogen cycling in Iowa cropland by Poffenbarger, Hanna Jane
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2017
Nitrogen fertilization and crop diversity effects on
soil carbon and nitrogen cycling in Iowa cropland
Hanna Jane Poffenbarger
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Soil Science Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Poffenbarger, Hanna Jane, "Nitrogen fertilization and crop diversity effects on soil carbon and nitrogen cycling in Iowa cropland"
(2017). Graduate Theses and Dissertations. 16197.
https://lib.dr.iastate.edu/etd/16197
Nitrogen fertilization and crop diversity effects on soil carbon and nitrogen cycling 
in Iowa cropland 
 
by 
 
Hanna J. Poffenbarger 
 
 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of  
DOCTOR OF PHILOSOPHY 
 
Major: Soil Science (Soil Fertility) 
 
Program of Study Committee: 
Michael Castellano, Co-major Professor 
Matthew Liebman, Co-major Professor 
John Sawyer 
Daniel Olk 
Cynthia Cambardella 
 
 
 
The student author, whose presentation of the scholarship herein was approved by the program 
of study committee, is solely responsible for the content of this dissertation. The Graduate 
College will ensure this dissertation is globally accessible and will not permit alterations after a 
degree is conferred. 
 
 
Iowa State University 
Ames, Iowa 
2017 
 
Copyright © Hanna J. Poffenbarger, 2017. All rights reserved.  
ii 
 
 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGMENTS .............................................................................................................. v 
ABSTRACT ................................................................................................................................... vi 
CHAPTER 1. INTRODUCTION ................................................................................................... 1 
Tables ......................................................................................................................................... 4 
References ................................................................................................................................. 5 
CHAPTER 2. MAXIMUM SOIL ORGANIC CARBON STORAGE IN MIDWEST U.S. 
CROPPING SYSTEMS WHEN CROPS ARE OPTIMALLY NITROGEN-FERTILIZED ........ 6 
Introduction ............................................................................................................................... 7 
Materials and Methods .............................................................................................................. 9 
Nitrogen Fertilization Experiments ...................................................................................... 9 
Yield Measurement and Residue Carbon Inputs ................................................................ 10 
Soil Sampling ..................................................................................................................... 11 
Data Analysis ..................................................................................................................... 12 
Results ..................................................................................................................................... 14 
Crop Response to Nitrogen Fertilizer Rate ........................................................................ 14 
Soil Organic Carbon and Nitrogen Response to Nitrogen Fertilizer Rate ......................... 15 
Soil Organic Carbon Response to Residue Carbon Input .................................................. 16 
Discussion ................................................................................................................................ 17 
Agronomic Optimum Nitrogen Fertilization Benefits Soil Organic Carbon Storage ........ 17 
Crop Productivity and Carbon Storage Efficiency Mediate Soil Organic Carbon 
Response to Nitrogen Fertilization ..................................................................................... 18 
Management Implications .................................................................................................. 20 
Conclusion ............................................................................................................................... 21 
Acknowledgements ................................................................................................................. 22 
Tables and Figures ................................................................................................................... 23 
Supporting Information ........................................................................................................... 31 
References ............................................................................................................................... 36 
CHAPTER 3. LEGACY EFFECTS OF LONG-TERM NITROGEN FERTILIZER 
APPLICATION ON NITROGEN USE EFFICIENCY IN CONTINUOUS MAIZE ................. 40 
Introduction ............................................................................................................................. 41 
Materials and Methods ............................................................................................................ 43 
Nitrogen Fertilization Experiments .................................................................................... 43 
Treatment Application ........................................................................................................ 44 
Residue Cover Measurements ............................................................................................ 45 
Soil Sampling ..................................................................................................................... 45 
Soil Chemical Analyses...................................................................................................... 46 
Soil Physical Fractionation ................................................................................................. 46 
iii 
 
 
Plant Sampling and Analysis .............................................................................................. 49 
Calculations and Statistics .................................................................................................. 50 
Results ..................................................................................................................................... 51 
Soil Organic Matter, Inorganic N Content, and Residue Cover ......................................... 51 
Weather Conditions ............................................................................................................ 52 
Grain Yield, N Uptake, and Fertilizer N Recovery ............................................................ 53 
Fertilizer Recovery in Soil (0-15 cm)................................................................................. 54 
Fertilizer Recovery in Crop and Soil (0-120 cm) ............................................................... 55 
Discussion ................................................................................................................................ 55 
Long-Term N Fertilization Increases Soil Organic Matter and Plant-Available N 
Supply ................................................................................................................................. 55 
Multiple Processes Control the Response of Crop Fertilizer N Recovery to Historical 
N Rate ................................................................................................................................. 56 
Site-Specific Factors Strongly Influence Fertilizer N Use Efficiency ............................... 58 
Methodological Considerations in Determining Fertilizer N Use Efficiency .................... 59 
Conclusion ............................................................................................................................... 60 
Acknowledgements ................................................................................................................. 60 
Tables and Figures ................................................................................................................... 61 
Supporting Information ........................................................................................................... 69 
References ............................................................................................................................... 80 
CHAPTER 4. CROP DIVERSITY EFFECTS ON TOPSOIL AND SUBSOIL ORGANIC 
MATTER ...................................................................................................................................... 83 
Introduction ............................................................................................................................. 84 
Materials and Methods ............................................................................................................ 86 
Site Descriptions................................................................................................................. 86 
Carbon Inputs ..................................................................................................................... 87 
Soil Sampling and Characterization ................................................................................... 88 
Estimation of Soil Organic C Stocks by Equivalent Soil Mass ......................................... 88 
Soil Biochemical Analyses ................................................................................................. 89 
Soil Physical Fractionation ................................................................................................. 90 
Statistical Analyses............................................................................................................. 93 
Results ..................................................................................................................................... 93 
Average Annual C Inputs and Soil Organic C Content...................................................... 93 
Soil C/N Ratio and Biochemical Composition................................................................... 94 
Distribution of Soil Organic C in Physical Fractions ......................................................... 95 
Multivariate Analysis of Soil Properties ............................................................................ 96 
Discussion ................................................................................................................................ 97 
Crop Rotation Effects on Soil Organic C Stocks and Storage Mechanisms ...................... 97 
Depth Effects on Soil Organic C Storage Mechanisms ..................................................... 99 
Conclusion ............................................................................................................................. 102 
Acknowledgements ............................................................................................................... 102 
Tables and Figures ................................................................................................................. 103 
Appendices ............................................................................................................................ 115 
References ............................................................................................................................. 121 
iv 
 
 
CHAPTER 5. AN ECONOMIC ANALYSIS OF INTEGRATED CROP-LIVESTOCK 
SYSTEMS IN IOWA, U.S.A. .................................................................................................... 125 
Introduction ........................................................................................................................... 126 
Materials and Methods .......................................................................................................... 129 
Crop Enterprise Budgets .................................................................................................. 129 
Livestock Enterprise Budgets ........................................................................................... 133 
Labor Requirements ......................................................................................................... 136 
Statistical Analysis ........................................................................................................... 136 
Results ................................................................................................................................... 138 
Crop Enterprises ............................................................................................................... 138 
Livestock Enterprises ....................................................................................................... 139 
Whole-Farm Revenue, Costs, and Returns to Land and Management ............................ 140 
Labor Distribution ............................................................................................................ 141 
Discussion .............................................................................................................................. 142 
Farming System Effects on Whole-Farm Profits ............................................................. 142 
Cost-Effectiveness of Farming System Diversification for Soil and Water 
Conservation ..................................................................................................................... 143 
Impact of Farming System Diversification on Risk and Uncertainty .............................. 144 
Constraints to Adoption.................................................................................................... 146 
Conclusion ............................................................................................................................. 146 
Acknowledgements ............................................................................................................... 147 
Tables and Figures ................................................................................................................. 148 
Appendices ............................................................................................................................ 156 
References ............................................................................................................................. 174 
CHAPTER 6. CONCLUSION.................................................................................................... 180 
 
  
v 
 
 
ACKNOWLEDGMENTS 
I would like to thank my committee co-chairs, Michael Castellano and Matt Liebman, 
and my committee members, John Sawyer, Dan Olk, and Cynthia Cambardella for their guidance 
and support throughout the course of this research. I also acknowledge the valuable input of the 
following scientists to various parts of this dissertation: Dan Barker, Terry Grimard, Matt 
Helmers, Matt Woods, Fernando Miguez, Johan Six, Ann Russell, Antonio Mallarino, Laila 
Puntel, Sotirios Archontoulis, Georgeanne Artz, Garland Dahlke, William Edwards, Mark 
Hanna, James Russell, Joe Sellers, and Mark Rasmussen. Special thanks to Lendie Follett and 
Katherine Goode for their thoughtful statistical advice throughout my degree. In addition, I 
would also like to thank my friends, lab-mates, the department of Agronomy faculty and staff for 
making my time at Iowa State University a wonderful experience.  
This research was funded by the United States Department of Agriculture National 
Institute of Food and Agriculture grant number 2014-67019-21629 and the Leopold Center for 
Sustainable Agriculture grant number E2015-17.  
 
 
 
  
vi 
 
 
ABSTRACT 
Nitrogen is critical to sustaining the profitability and productivity of agricultural systems. 
However, plant-available forms of N are highly mobile and cropland N losses have negative 
environmental consequences. Nitrogen management strategies differ depending on the farming 
system, with diverse crop rotations (i.e., those including perennial legume crops) and integrated 
crop-livestock systems relying primarily on biologically-fixed and recycled N, and simple maize 
(Zea mays L.)-based systems relying primarily on synthetic N fertilizer inputs. The goal of this 
research was to investigate C and N cycling in farming systems that span a range of N 
management strategies and to use this knowledge to advance sustainable N management. 
Within continuous maize and maize-soybean [Glycine max (L.) Merr.] systems at four 
Iowa locations, I assessed changes in surface soil organic C (SOC) content over time across a 
range of N fertilizer rates. I found that N fertilization increased SOC content, with the greatest 
SOC storage in the optimally-fertilized continuous maize treatment. Using the continuous maize 
plots at two of these long-term N rate experiments, I investigated legacy impacts of N inputs on 
fertilizer N use efficiency by tracing isotopically-labeled N fertilizer into crop and soil pools. 
Fertilizer N recovery was less than 50% at both locations and exhibited a curvilinear response to 
historical N rate. In my third study, I used three long-term field experiments to determine the 
impact of crop rotation diversity on SOC content, biochemical composition, and distribution 
among physical fractions at different depths. Despite greater belowground C inputs in the diverse 
rotations, crop rotation diversity had inconsistent effects on SOC stocks, and minimal impact on 
the mechanisms of SOC storage. Finally, I compared the profitability of simple cash grain and 
integrated crop-livestock systems. The analysis revealed no effect of farming system on 
profitability, but indicated that more labor is required in the integrated crop-livestock system. 
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The results indicate that simple maize-based systems receiving agronomically optimum 
synthetic N inputs can sustain SOC and provide adequate financial returns, but result in high N 
losses from cropland. The adoption of biologically-based N management would reduce cropland 
N losses with minimal profit loss. 
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CHAPTER 1.    INTRODUCTION 
A key challenge of modern agriculture is to meet the food, fuel, and fiber demands of a 
growing human population while providing adequate financial returns to farmers and protecting 
the environment (Robertson and Swinton 2005). As an essential and often limiting element in 
terrestrial ecosystems, N is critical to sustaining and enhancing both the productivity and 
profitability of agricultural systems. However, plant-available forms of N are highly mobile and 
cropland N losses can negatively impact biodiversity as well as air and water quality (Robertson 
and Vitousek 2009). Thus, N management strategies that result in efficient use of sufficient N 
additions are central to addressing the tripartite challenge of modern agriculture.  
Historically, N was managed by rotating cereal crops with legumes, which add plant-
available N to the crop-soil system through a symbiotic relationship with rhizobia, and by 
returning N back to the soil as animal manure. For example, in the early 1900s, Iowa farmers 
grew alfalfa (Medicago sativa L.) in rotation with maize (Zea mays L.) in part to replenish the 
soil bioavailable N supply (National Agricultural Statistics Service 2017). Harvested crops were 
fed to livestock, and animal manure provided a valuable N source in crop production (Anderson 
2016). Beginning in the 1950s, farmers in Iowa and throughout the country gained access to 
synthetic N fertilizer, and the use of commercial N on American farms increased from 419 
million tons in 1945 to 7,459 million tons in 1970 (Anderson 2016). With access to N fertilizer, 
there was no longer a need for legume- and manure-N in cropping systems. Thus, synthetic N 
fertilizer not only enhanced crop yields but also precipitated a shift toward simple cash grain 
systems that dominate Iowa agriculture today (Mutel 2007). 
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 The shift from biologically-based N sources to synthetic N sources represents a 
decoupling of C and N in agricultural systems (Drinkwater and Snapp 2007). In integrated crop-
livestock systems, much of the plant-available N is supplied by a biological exchange of C and N 
in legume root nodules; C and N then cycle together during plant and animal growth, 
decomposition, and microbially-mediated N transformations in the soil. Plant-available inorganic 
N is released gradually from organic compounds during microbial decomposition. In contrast, 
the production of synthetic fertilizer N does not rely on the exchange of photosynthate for fixed 
N but rather on fossil fuel energy, and pulse additions of N fertilizer typically do not correspond 
with C inputs to the soil. Moreover, because fertilizer N does not provide an energy source for 
microbes, a smaller proportion of fertilizer N than organic N is incorporated into microbial 
biomass and soil organic matter (Ladd and Amato 1986; Harris et al. 1994). These two pools are 
important nutrient reservoirs that release N gradually, buffering the crop-soil system from 
inorganic N losses. 
The decoupling of C and N has increased N losses from agricultural systems (Drinkwater 
et al. 1998). First, the shift from diverse to simple crop rotations has resulted in a longer period 
of bare fallow, reducing the plant sink of inorganic N and increasing the risk of NO3
- leaching 
losses (Randall et al. 1997; Tonitto et al. 2006; Tomer and Liebman 2014). Second, in contrast to 
the gradual release of inorganic N provided by soil organic matter and organic N amendments, N 
fertilizer generates a large pool of inorganic N that is often poorly synchronized with crop uptake 
patterns (Drinkwater and Snapp 2007). Consequently, fertilizer N use efficiency – defined as the 
percentage of applied fertilizer N taken up by the crop – is typically only ~40% for the major 
cereal crops (Gardner and Drinkwater 2009). Nitrogen lost from cropland decreases regional 
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water and air quality, exacerbates coastal hypoxia, and contributes to greenhouse gas emissions 
(Robertson and Vitousek 2009). 
The next four chapters of this dissertation investigate the dynamics of C and N in 
cropping systems that span a gradient of C-N coupling (Table 1) and examine the agronomic, 
environmental, and economic implications of these dynamics. In continuous maize and maize-
soybean [Glycine max (L.) Merr] rotations that rely on synthetic N inputs for high yields, I 
explore how fertilizer N is recoupled with C during plant uptake to enhance crop growth and 
SOC storage (Chapter 2). Next, I assess how fertilizer N-mediated changes in SOC may 
ameliorate or exacerbate fertilizer N losses over the long-term by influencing fertilizer N use 
efficiency in continuous maize production (Chapter 3). In Chapter 4, I quantify above- and 
below-ground C inputs in simple and diverse crop rotations and investigate the importance of 
belowground C delivery for SOC accumulation. In Chapter 5, I compare the profitability of four 
systems that differ in N management strategies to assess the productivity and economic 
feasibility of adopting diversified farming systems for enhanced N retention. In the final chapter, 
I summarize the main findings of this research and offer concluding remarks.  
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Tables  
Table 1. Estimated N inputs from organic and synthetic sources for three cropping systems. 
 
 Average annual N inputs (kg N ha-1 yr-1)  
System Biologically-
fixed Na 
Manure Nb Fertilizer Nc Proportion of N 
inputs as fertilizer  
Continuous maize 
(cash grain) 
0 0 211 1.00 
Maize-Soybean  
(cash grain) 
42 0 79 0.65 
Maize-Soybean-
Oats/Alfalfa-Alfalfa 
(integrated crop-livestock) 
97 30 9 0.07 
aEstimates of biologically-fixed N for soybean and alfalfa were collected from (Russelle and Birr 
2004). 
bManure N inputs in the maize-soybean-oats/alfalfa-alfalfa rotation were based on the 4-yr 
integrated crop-livestock system described in (Poffenbarger et al. 2017). 
cMaize N fertilizer rates were set according to maximum return to N for the continuous maize 
and maize-soybean systems (Sawyer et al. 2006) and according to (Sawyer 2016) for the maize-
soybean-oats/alfalfa-alfalfa system. 
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CHAPTER 2.     MAXIMUM SOIL ORGANIC CARBON STORAGE IN MIDWEST U.S. 
CROPPING SYSTEMS WHEN CROPS ARE OPTIMALLY NITROGEN-FERTILIZED 
Hanna J. Poffenbarger1*, Daniel W. Barker1, Matthew J. Helmers1, Fernando E. Miguez1, 
Daniel C. Olk2, John E. Sawyer1, Johan Six3, Michael J. Castellano1 
 
1 Department of Agronomy, Iowa State University 
2 Department of Agricultural and Biosystems Engineering, Iowa State University 
3 National Laboratory for Agriculture and the Environment, USDA-ARS 
4Department of Environmental Systems Science, ETH-Zurich 
 
Modified from a manuscript published in PLOS ONE. 
 
Nitrogen fertilization is critical to optimize short-term crop yield, but its long-term effect 
on soil organic C (SOC) is uncertain. Here, we clarify the impact of N fertilization on SOC in 
typical maize-based (Zea mays L.) Midwest U.S. cropping systems by accounting for site-to-site 
variability in maize yield response to N fertilization. Within continuous maize and maize-
soybean [Glycine max (L.) Merr.] systems at four Iowa locations, we evaluated changes in 
surface SOC over 14 to 16 years across a range of N fertilizer rates empirically determined to be 
insufficient, optimum, or excessive for maximum maize yield. Soil organic C balances were 
negative where no N was applied but neutral (maize-soybean) or positive (continuous maize) at 
the agronomic optimum N rate (AONR). For continuous maize, the rate of SOC storage 
increased with increasing N rate, reaching a maximum at the AONR and decreasing above the 
AONR. Greater SOC storage in the optimally-fertilized continuous maize system than in the 
optimally-fertilized maize-soybean system was attributed to greater crop residue production and 
greater SOC storage efficiency in the continuous maize system. Mean annual crop residue 
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production at the AONR was 22% greater in the continuous maize system than in the maize-
soybean system and the rate of SOC storage per unit residue C input was 58% greater in the 
monocrop system. Our results demonstrate that agronomic optimum N fertilization is critical to 
maintain or increase SOC of Midwest U.S. cropland. 
Introduction 
Maize and soybean cropping occupies more than 70 million ha in the U.S., representing a 
large stock of intensively managed soil organic C (SOC). Maintenance of this SOC is essential 
for future food production because crop yields are positively associated with SOC in the long 
term [1]. Soil organic C can increase crop yield by enhancing soil water holding capacity and 
nutrient retention [2–4]. Furthermore, N bound to C in soil organic matter (SOM) is frequently 
the largest source of N for the crop and the largest sink of N fertilizer inputs in modern grain 
cropping systems [5,6]. Accordingly, SOC impacts both crop yield and N losses to the 
environment.  
The quantity of C stored in a soil represents a balance between C inputs and outputs. 
Crop residue (biomass excluding harvested material) is the most important C input in most 
conventional cropping systems. And in maize-based cropping systems, N fertilization is perhaps 
the greatest management factor affecting crop residue inputs [7]. Nitrogen fertilization can 
increase maize residue production by 40 to 50% in a maize-soybean rotation [8,9] and by 50% to 
>100% in a continuous maize system [8–10].  
Nevertheless, the overall effect of N fertilizer application on cropland SOC remains 
unresolved [9,11–14]. Nitrogen fertilization has been reported to increase, decrease, or have no 
effect on SOC [9–12,15]. Positive effects of N fertilization on SOC have been explained by 
increased crop growth leading to greater residue inputs to soil [15]. Negative effects of N 
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fertilization on SOC have been explained by enhanced SOC mineralization when microbial 
decomposition is otherwise N-limited [16]. 
The relative importance of these processes in controlling SOC response to N fertilization 
likely depends on the response of crop growth to N fertilization. We hypothesize that when N 
inputs are below the rate that maximizes yield (agronomic optimum N rate; AONR), added N 
stimulates crop growth, which increases crop residue inputs to the soil and thereby increases 
SOC. However, when N inputs are above the AONR, added N imparts no change in crop residue 
production but increases residual inorganic N [17], which alleviates microbial N limitation and 
thereby enhances SOC mineralization [16]. Crop response to N fertilization is site-specific and 
regional N fertilization recommendations do not account for this variability [18]. Hence, the 
same recommended N rate applied at two different locations could favor SOC storage through 
enhanced crop growth at one location but favor SOC mineralization through increased residual 
inorganic N at the other location. This site-to-site variability in crop response to N fertilization 
may generate inconsistent conclusions about the effect of N fertilization on SOC.  
In this study, we attempted to resolve the inconsistent effects of N fertilization on SOC 
by evaluating change in surface SOC across a range of N rates empirically determined to be 
insufficient, optimum, or excessive for maximum maize yield. We measured long-term SOC 
change in two dominant Midwest U.S. cropping systems (continuous maize and maize-soybean 
rotation) at four Iowa locations spanning a range of climates and soils that is representative of 
rainfed maize production in the Midwest U.S.  
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Materials and Methods 
Nitrogen Fertilization Experiments 
Long-term N fertilization experiments were established at Iowa State University 
Research Farms to study the effect of N fertilization rate on crop yield and SOC storage in 
continuous maize and maize-soybean cropping systems. The experiments were established at the 
Central (42°01’ N; 93°47’ W), Southeast (41°11’ N; 91°29’ W), and South (40°58’ N; 93°25’ 
W) locations in 1999 and at the Northwest location (42°55’ N; 95°32’ W) in 2000 (Fig 1). The 
research sites span a climatic gradient from 790 to 1000 mm mean annual precipitation and 8.3 
to 11.0⁰ C mean annual temperature. Soils at all four locations are within the Mollisol order, and 
the suborders represent the three dominant suborders of the U.S. Maize Belt – Udolls, Aquolls 
and Ustolls [19]. The soil texture classes at the four locations are loam, silt loam, or silty clay 
loam and initial SOC concentrations ranged from 20.8 g kg-1 to 28.1 g kg-1 (Table 1). The 
Northwest, Central, and Southeast locations are underlain by artificial subsurface drainage, while 
the South location is not. All four research sites were previously managed as conventional maize 
and soybean production systems for at least 10 years before experimental establishment. 
The experimental design at each location is a split-plot randomized complete block 
design with four replicate blocks. Each block consists of three main plots differing in crop 
sequence: continuous maize, maize-soybean, and soybean-maize. The main plots are split into 
individual treatment plots, each receiving one of five or seven N rates to maize; soybean does not 
receive N fertilizer. The N rates applied at the Central location are 0 to 269 kg N ha-1 in 67 kg N 
ha-1 increments, while those at the Northwest, Southeast, and South locations are 0 to 269 kg N 
ha-1 in 45 kg N ha-1 increments. Each individual treatment plot measures 6.1 m x 15.2 m 
(Northwest), 4.6 m x 15.2 m (Central and South) or 6.1 m x 19.8 m (Southeast). Crops are 
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planted lengthwise in the plots with a row spacing of 0.76 m. The trials are managed with fall 
chisel plowing and spring secondary tillage before planting. Nitrogen fertilizer is applied as 
either urea incorporated at planting or urea ammonium nitrate solution injected as an early side-
dress. Other nutrients and soil pH are maintained based on soil testing for optimum production. 
Yield Measurement and Residue Carbon Inputs 
Maize and soybean grain yields were measured annually from the center three to six rows 
of each individual treatment plot using a small-plot combine. Mean grain yields were calculated 
by averaging across years (2000-2014 for Central and South locations, 2001-2014 for Northwest, 
and 2000-2015 for Southeast) by individual treatment plot. Maize and soybean grain yields are 
reported at standard 155 g kg-1 and 130 g kg-1 moisture contents, respectively. Mean grain yields 
were adjusted to dry matter and used to estimate total aboveground dry matter production using 
harvest indices of 0.50 grain dry matter/total aboveground dry matter for maize and 0.42 grain 
dry matter/total aboveground dry matter for soybean [20,21]. Aboveground residue inputs were 
calculated as the difference between total aboveground dry matter production and grain dry 
matter. Belowground residue inputs were calculated as the product of total aboveground dry 
matter production and a root/shoot ratio (0.18 root dry matter/total aboveground dry matter for 
maize and 0.15 root dry matter/total aboveground dry matter for soybean) [21]. Residue dry 
matter inputs were converted to residue C inputs assuming a tissue C concentration of 400 g kg-1 
[22]. We estimated mean annual residue C inputs for each individual treatment plot by taking an 
average of maize and soybean total residue C inputs (aboveground plus belowground) weighted 
by the number of years in each crop phase.  
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Soil Sampling 
Soil samples were collected at the onset of each experiment and again in 2014 
(Northwest, Central, and South locations) or 2015 (Southeast location). For the initial sampling 
event, soil samples were collected by main plot at the Northwest and Central locations and by 
individual treatment plot at the Southeast and South locations. For the final sampling event, soil 
samples were collected by individual treatment plot at all locations. Each soil sample was 
composited from 15 cores of 2.5 cm diameter x 15 cm depth that were collected in the fall after 
harvest and before chisel-plow tillage. Soils were air dried and finely ground for total C and N 
determination by dry combustion elemental analysis using a Leco CN analyzer (initial sampling 
event; Leco Corp., St. Joseph, MI) or a Vario Max CN analyzer (final sampling event; Elementar 
Americas, Mt. Laurel, NJ). A subset of archived soil samples from the initial sampling event was 
also analyzed on the Vario Max CN analyzer to confirm consistency of results between 
instruments. Carbonates were not present in surface soil at these locations.  
Because the plots at all locations are chisel-plowed annually to a depth of approximately 
30 cm, the long-term N rate was not expected to influence bulk density in the surface soil. This 
assumption was corroborated at one location by previous research [10]. Accordingly, we used 
bulk density measurements taken from each cropping system within each block to scale SOC to a 
mass per area basis for the 0-15 cm depth. Rates of change in SOC and the C/N ratio were 
calculated for each individual treatment plot by first calculating the difference in surface SOC or 
C/N ratio between sampling times and then dividing this difference by the number of years 
between sampling times. Although historical sampling practices restricted our analysis of SOC to 
the surface 15 cm, changes observed in surface SOC may be representative of changes occurring 
at greater depths. An analysis of long-term SOC change data from regional agricultural studies 
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showed that change in surface SOC was positively correlated with change in total soil profile 
SOC (S1 Fig).  
Data Analysis 
Quadratic-plateau regression models were fitted to mean maize grain yield and mean 
annual residue C input in response to N rate for each cropping system at each location using 
PROC NLIN (SAS ver. 9.4, SAS Inst., Cary, N.C.) [23]. In cases where no plateau was 
observed, quadratic regression models were fitted using PROC GLM (SAS ver. 9.4, SAS Inst., 
Cary, N.C.). Across-year means of grain yield and residue C input were not averaged across 
replicate plots prior to fitting regression models. We estimated the AONR for each cropping 
system at each location as the join point of the quadratic-plateau model fitted to maize grain 
yield. In cases where no plateau was observed, the AONR for maize grain yield was set to the 
highest N rate applied (269 kg ha-1) [5].  
The EONR was calculated as the N rate at which the last increment of N input returns a 
grain yield increase large enough to pay for that input [18]. We calculated the EONR for each 
cropping system at each location using the maize grain yield response to N rate and assuming a 
price ratio of $0.0056 kg N-1/$1 Mg maize grain-1, according to grain prices for Iowa and N 
fertilizer prices for the North Central region between 1999 and 2015 [24]. Given the absence of a 
reliable soil test for determining appropriate N fertilizer applications, the EONR is among the 
most widely used tools to prescribe N fertilizer rates [25]. Seven Midwest land grant universities 
maintain an online tool that can be used to calculate the N rate that maximizes economic returns 
at a given fertilizer/grain price ratio for different regions based on multiple site-years 
(http://cnrc.agron.iastate.edu/). Because the online tool utilizes maize yield responses to N rate 
from many site-years (including new and discontinued trials not included in our study), the 
13 
  
experimental site EONRs calculated for our study differ from the rates recommended by the 
online tool.  
We used a quadratic regression model to represent the response of SOC change to N 
fertilizer rate (PROC MIXED; SAS ver. 9.4, SAS Inst, Cary, N.C.). For this analysis, we 
expressed N rate as a percentage of the location- and system-specific AONR (i.e., “relative N 
rate”). We used Akaike information criterion (AIC) to confirm that using the relative N rate as an 
explanatory variable produced a better fitting model than using the actual N rate. Crop sequence, 
crop sequence x relative N rate, and crop sequence x squared relative N rate were specified as 
fixed effects. Random effects included location, block nested within location, crop sequence x 
location, and crop sequence x block nested within location. Interactions of location and block 
with relative N rate did not account for additional variance when included as random effects. 
ESTIMATE statements were used to generate coefficient estimates for the maize-soybean 
cropping system, which included data from both the maize-soybean and soybean-maize 
sequences. The same approach was used to analyze change in the soil C/N ratio in response to 
relative N rate, except that a quadratic term for relative N rate was not included.  
A linear regression model was used to represent the relationship between SOC change 
and mean annual residue C input (PROC MIXED; SAS ver. 9.4, SAS Inst, Cary, N.C.). Crop 
sequence and crop sequence x mean annual residue C input were specified as fixed effects. 
Random effects included location, block nested within location, crop sequence x location, and 
crop sequence x block nested within location. Because the range of mean annual residue C inputs 
differed between the two cropping systems (i.e., continuous maize had a wider range than maize-
soybean), we tested for an effect of range on the relationship between SOC change and mean 
annual residue C input. Therefore, we constructed a data set that included SOC change data for 
14 
  
the full range of residue C inputs provided by the continuous maize system and for the smaller 
range of residue C inputs provided by the maize-soybean system (i.e., “truncated range”). We 
then ran a model for the continuous maize system that included range (full vs. truncated), mean 
annual residue C input, and range x mean annual residue C input as fixed effects. Random effects 
included location and block nested within location.  
Linear mixed-effects models were used to estimate least-squares means and standard 
errors or 95% confidence intervals for mean grain yield, mean annual residue C input, SOC 
change, and C/N ratio change at each N rate (PROC MIXED; SAS ver. 9.4, SAS Inst, Cary, 
N.C.). For mean grain yield and mean annual residue C input, the same subsets of data used for 
quadratic-plateau and quadratic regression model-fitting (i.e., each cropping system within each 
location) were analyzed with categorical N rate designated as the fixed effect and crop sequence 
nested within block as a random effect. For SOC change and C/N ratio change, the location x 
crop sequence x categorical N rate interaction was specified as the fixed effect. Random effects 
included block nested within location and crop sequence x block nested within location. 
LSMESTIMATE statements were used to generate least-squares means for the maize-soybean 
cropping system, which included data from both the maize-soybean and soybean-maize 
sequences.  
For all statistics, we used alpha levels of 0.05 and 0.01 to indicate significant and highly 
significant results, respectively. 
Results 
Crop Response to Nitrogen Fertilizer Rate 
For both cropping systems at all locations, maize grain yield increased with N rate, but 
the curvilinear responses indicate that yield gain per unit N applied decreased with increasing N 
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rate (Fig 2). Maize yield was best fit by a quadratic-plateau model for the continuous maize 
system at two of the four locations (Northwest and Central; Figs 2a and 2b) and for the maize-
soybean system at three of the four locations (Northwest, Central, Southeast; Figs 2a-2c). In 
cases where maize yield did not reach a plateau within the range of N rates applied (continuous 
maize at Southeast and South locations, maize-soybean at South location; Figs 2c and 2d), a 
quadratic model was used. The AONR ranged from 200 to 269 kg N ha-1 for the continuous 
maize system and from 161 to 269 kg N ha-1 for maize following soybean. Averaged across 
locations, the AONR was 16% greater for the continuous maize system than for maize following 
soybean. 
Averaged across locations, the difference between yield at the AONR and yield at the 
zero N rate was 6.6 Mg ha-1 for maize following maize and 4.8 Mg ha-1 for maize following 
soybean. Soybean grain yield was not affected by N rate applied to the previous maize crop at 
any location (Fig 2). Given these system differences in maize and soybean yield responses to N 
rate, it follows that the response to N rate of mean annual residue C input was greater for the 
continuous maize system than for the maize-soybean system (Fig 3). Averaged across locations, 
mean annual residue C input was 223% greater with optimum N application than with zero N 
application in continuous maize, but only 43% greater with optimum N application than with 
zero N application in maize-soybean (Fig 3). The optimally-fertilized continuous maize system 
produced 22% more residue C than the optimally fertilized maize-soybean system, averaged 
across locations. 
Soil Organic Carbon and Nitrogen Response to Nitrogen Fertilizer Rate 
We evaluated SOC change over time in response to N fertilizer rate expressed as a 
percentage of the AONR. Scaling N rate to the location- and system-specific AONR 
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substantially improved model fit (AIC of model with scaled variable = -159, AIC of model with 
original variable = -143). In the absence of N fertilizer inputs, SOC in the surface 15 cm declined 
by 0.15 Mg C ha-1 yr-1 in the continuous maize system (P < 0.01; Fig 4a) and by 0.07 Mg C ha-1 
yr-1 in the maize-soybean system (P < 0.05; Fig 4b). There was no significant effect of cropping 
system on SOC change at the zero N rate (P = 0.23). For continuous maize, the response of SOC 
change to relative N rate was best represented by a positive quadratic model (P < 0.01 for linear 
and quadratic coefficients). The model estimated that SOC change reached a maximum of 0.11 
Mg C ha-1 yr-1 at 104% of the AONR and then decreased slightly above this rate. The relative N 
rate that resulted in a neutral SOC balance was 36% of the AONR (Fig 4a). For the maize-
soybean rotation, there was a slight positive but insignificant trend in SOC change with relative 
N rate (P = 0.28 and P = 0.66 for the linear and quadratic coefficients, respectively), causing 
SOC change to be approximately neutral at 100% of the AONR (-0.02 Mg C ha-1 yr-1, P = 0.48). 
Averaged across all relative N rates (including zero N), the SOC balance for the maize-soybean 
rotation was approximately neutral (-0.04 Mg C ha-1 yr-1, P = 0.17).  
Over 14 to 16 years of N applications, the soil C/N ratio decreased in both cropping 
systems (P < 0.05 for both y-intercepts; Fig 5). With zero N input, the C/N ratio declined by 
0.045 units yr-1 in the continuous maize system and by 0.035 units yr-1 in the maize-soybean 
system. Change in the soil C/N ratio became more negative with increasing relative N rate in the 
maize-soybean system (P < 0.05) but not in the continuous maize system (P = 0.71).  
Soil Organic Carbon Response to Residue Carbon Input  
There was a significant positive relationship between SOC change over time and mean 
annual residue C input for both cropping systems (P < 0.01 for continuous maize, P < 0.05 for 
maize-soybean; Fig 6). The SOC change was estimated to be -0.22 Mg C ha-1 yr-1 with zero 
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residue C input for both systems (no cropping system effect on y-intercept, P = 0.81). However, 
the slope of the relationship between SOC change and residue C input was 58% greater for the 
continuous maize system than for the maize-soybean system (P < 0.01). This cropping system 
effect on the slope persisted when we performed the regression using a truncated range of 
residue C input values for the continuous maize system, which allowed us to use equal ranges of 
residue C inputs across the two cropping systems (P < 0.01; Fig 6). The residue C input level 
required to maintain SOC (i.e., the x-intercept) was 3.2 Mg C ha-1 yr-1 for the continuous maize 
system and 4.2 Mg C ha-1 yr-1 for the maize-soybean system. 
Discussion 
Agronomic Optimum Nitrogen Fertilization Benefits Soil Organic Carbon Storage 
Across a range of climates and soils that is representative of rainfed maize production in 
the Midwest U.S., N fertilization was necessary to maintain or increase SOC. Moreover, in the 
continuous maize system, the rate of SOC storage was maximized at approximately the same N 
rate that maximized maize yield and residue production. Our conceptual understanding of the 
SOC response to N fertilization is illustrated in Fig 7. When N inputs are below the AONR, 
added N stimulates crop growth, increasing crop residue inputs to the soil, thereby increasing the 
rate of SOC storage. When N inputs are above the AONR, added N imparts no change in crop 
residue production but increases residual inorganic N, enhancing SOC mineralization, thereby 
decreasing the rate of SOC storage. Residual soil inorganic N may enhance SOC mineralization 
by eliminating N limitation on microbial growth [12,16] or by decreasing soil aggregation 
[26,27], making previously protected SOM more susceptible to decay. Excessive N fertilization 
may also decrease the C/N ratio of maize residue [9], which can increase the decomposition rate 
of this organic matter input [28]. Multiple processes may operate to control the SOC response to 
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N fertilization, but the importance of increased C inputs versus enhanced SOC mineralization 
depends on the N sufficiency level. 
By accounting for site-to-site variability in the AONR, we resolve uncertainty regarding 
the response of SOC storage to N fertilization. Our findings suggest that studies comparing a 
sub-AONR to the AONR likely report a positive effect of added N on SOC due to enhanced crop 
residue production, whereas studies comparing a sub-AONR or the AONR to an excessive N rate 
may report neutral or negative effects of added N on SOC. Although our results demonstrate that 
N fertilization at the agronomic optimum rate is critical to maximize SOC storage of Midwest 
U.S. cropland, applying N at the AONR may not maximize sequestration of atmospheric C 
across the entire life cycle of N fertilizer. The positive effect N fertilization on SOC 
sequestration is typically partially offset by the CO2 released during fertilizer production, 
transportation, and application [29]. 
Interestingly, the surface soil C/N ratio decreased over time across all N rates in both 
cropping systems (Fig 5), suggesting an accumulation of total N relative to SOC. This shift may 
represent the fixation of ammonium by clay layers [30] or the replacement of high C/N ratio 
compounds with low C/N compounds during SOM turnover (e.g., through a shift in microbial 
community composition, and/or changes in soil aggregation) [31,32]. Soil organic matter with a 
low C/N ratio is typically more stable, with a longer mean residence time and relatively minor  
role in biological activity compared to SOM with a high C/N ratio [33].  
Crop Productivity and Carbon Storage Efficiency Mediate Soil Organic Carbon Response 
to Nitrogen Fertilization 
Our data highlight the importance of cropping system as a factor affecting the response of 
SOC to N fertilization and crop residue C input. When managed at the AONR, SOC increased 
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over time in the continuous maize system, but did not change in the maize-soybean system. The 
greater response of SOC change to N fertilization for the continuous maize system was due in 
part to a greater N rate effect on residue C inputs for that system (Fig 3). With zero N 
application, the continuous maize system produced less residue than the maize-soybean system, 
leading to marginally greater SOC losses in the N-deprived continuous maize system than in the 
N-deprived maize-soybean system (Fig 4). On the other hand, the optimally-fertilized continuous 
maize system produced more residue than the optimally-fertilized maize-soybean system, 
leading to greater SOC storage in the optimally-fertilized monocrop system. 
We were surprised to find that SOC change per unit residue C input was ~60% greater in 
the continuous maize system than in the maize-soybean system (75 vs. 48 kg SOC Mg-1 C input; 
Fig 6). As a result, the maize-soybean system required >30% more residue C input to maintain 
SOC stocks than the continuous maize system (4.2 vs 3.2 Mg residue C ha-1 yr-1). The transfer 
rates of residue C to SOC are within the range of those presented in a recent literature synthesis 
by Castellano et al. [34] and the inputs necessary to maintain SOC stocks are similar to or 
slightly higher than those reported by Kong et al. [35] for Mediterranean cropping systems (3.1 
Mg C ha-1 yr-1) and Johnson et al. [22] for maize-based cropping systems (3.0 Mg C ha-1 yr-1). 
The lower proportion of crop residue C transferred to SOC in the maize-soybean system than in 
the continuous maize system may be caused by more favorable conditions for SOC 
mineralization in the crop rotation [36]. Whereas the continuous maize system returns relatively 
large quantities of residue to the soil every year, the alternating pattern of high and low residue 
inputs in the maize-soybean system may allow for more thorough decomposition of added C. 
The lower mass of the soybean residue than the maize residue likely keeps the soil warmer in the 
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fall and spring [37] and the higher N concentration of soybean tissues may alleviate microbial N 
limitation that can occur during decomposition of maize residue [38].  
Management Implications 
Our results show that N fertilizer applications above or below the AONR may decrease 
the rate of SOC storage relative to agronomic optimum fertilization in maize-based cropping 
systems. Moreover, other research has shown that fertilizing above the AONR can increase 
nitrous oxide emissions [39] and nitrate leaching losses [17,40]. Although fertilizing at the 
AONR maximizes crop yield and SOC storage while avoiding major environmental N losses, 
this N rate may not necessarily minimize yield- or area-scaled N losses. Recent assessments of 
yield-scaled nitrous oxide emissions and nitrate leaching losses show that environmental risk per 
unit crop production is minimized when crop N uptake approximately balances the N fertilizer 
rate (i.e., neutral N surplus) [41,42]. Depending on site conditions, weather, and agronomic 
practices, fertilizing at the AONR may generate a positive N surplus and potentially substantial 
N losses [43].     
Farmers seeking to maximize profit do not apply fertilizer at the AONR, but instead use 
the Economic Optimum Nitrogen Rate (EONR), which is the N rate that results in the maximum 
monetary return to N. The EONR is necessarily lower than the AONR because the incremental 
gain in grain yield per unit N fertilizer input declines with increasing N fertilizer inputs. We 
estimated the EONR to be 94% of the AONR for the continuous maize system and 88% of the 
AONR for the maize-soybean system for the locations in our study (S1 Table). Our estimates of 
SOC changes at the EONRs did not differ from those at the AONRs and were positive and 
neutral for the continuous maize and maize-soybean systems, respectively (S1 Table). In reality, 
the landscape of the Midwest U.S. comprises a mixture of continuous maize and maize-soybean 
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production, with the maize-soybean rotation being the dominant system (between 1999 and 
2015, maize was harvested on 52% of Iowa cropland, and soybean was harvested on 40% [24]). 
Maize grown in Iowa receives an average N fertilizer rate of 159 kg ha-1 [44], which is similar to 
the recommended rate to maximize economic returns (163 kg ha-1, average of recommended 
rates for continuous maize and maize-soybean systems, weighted by the area of each system; 
http://cnrc.agron.iastate.edu/). Considering that most Midwest U.S. cropland is in maize-soybean 
production and assuming that maize N application rates are close to the EONR, our study 
supports the idea that temperate cropland SOC is near steady-state [45,46]. 
Conclusion 
Our evaluation of N fertilization effects on SOC proved more meaningful, both 
statistically and conceptually, when we considered crop response to N fertilization. After scaling 
N rates to the location- and system-specific AONR, we found that applying N fertilizer at a rate 
optimal for maize growth was critical to maintaining SOC stocks in the maize-soybean system 
and maximizing SOC storage in the continuous maize system. The greater potential SOC storage 
in the optimally-fertilized continuous maize system than in the optimally-fertilized maize-
soybean system was due to greater crop residue production as well as greater SOC storage 
efficiency in the monocrop system. For the continuous maize system, the rate of SOC storage 
increased with increasing N rate up to the AONR, but decreased above the AONR. This 
quadratic response suggests that the effect of N fertilization on SOC was mediated not only by 
increased crop residue production below the AONR, but also by increased SOC mineralization 
above the AONR. We conclude that multiple processes control SOC response to N fertilization 
and that the N sufficiency level can help explain their relative importance.  
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Tables and Figures 
Table 1. Soil properties and weather conditions at four experimental locations in Iowa.  
Location USDA Soil 
Taxonomy 
USDA 
Texture  
Bulk 
density  
(g cm-3) 
Initial soil 
organic C  
(g kg-1) 
Initial soil 
total N  
(g kg-1) 
Mean 
annual 
precipitation 
(mm) 
Mean 
annual 
temperature 
(⁰C) 
Northwest Hapludoll-
Haplustoll 
Silty clay 
loam 
1.11 ± 
0.017 
27.9 ± 
0.23 
2.45 ± 
0.021 
  790   8.3 
Central  Hapludoll-
Endoaquoll 
Loam 1.36 ± 
0.027 
20.8 ± 
0.64 
1.69 ± 
0.040 
  970   9.0 
Southeast Argiudoll Silty clay 
loam 
1.08 ± 
0.021 
28.1 ± 
0.18 
2.19 ± 
0.020 
1000 11.0 
South Argialboll-
Argiudoll 
Silt loam 1.27 ± 
0.027 
22.4 ± 
0.10 
1.75 ± 
0.009 
  980   9.5 
Bulk density, initial soil organic C, and initial soil total N were measured on 0-15 cm soil samples and results are reported as mean 
± SE. Mean annual precipitation and mean annual temperature were averaged over the study duration for each location (1999-2014 
for Central and South, 2000-2014 for Northwest, and 1999-2015 for Southeast). Precipitation and temperature data are from Iowa 
Environmental Mesonet [47]. 
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Figure 1. Locations of long-term N fertilization experiments. Maps show study locations within 
the most productive region of the U.S. rainfed Maize Belt (eastern Nebraska, southern 
Minnesota, Iowa, and central and northern Illinois) [24]. a) Mean annual precipitation, b) mean 
annual minimum temperature, c) mean annual maximum temperature, d) Major Land Resource 
Areas [48]. All climate data were averaged over 1981-2010 [49]. Cardinal directions for the 
Major Land Resource Areas are abbreviated in the legend (N, S, E, W, and C for north, south, 
east, west, and central, respectively). 
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Figure 2. Cropping system and N fertilizer rate effects on grain yield. Mean maize and soybean 
grain yields in response to N fertilizer rate applied to maize in continuous maize and maize-
soybean systems. Each of four Iowa study locations is shown on a separate panel (a-d). Grain 
yields were averaged across 14 (Northwest), 15 (Central and South), or 16 (Southeast) years 
according to the number of years between soil sampling events. Curves are quadratic-plateau or 
quadratic models fit to the data (P < 0.01 for all models). Bolded values are the agronomic 
optimum N rate (AONR) for quadratic-plateau curves. The AONR was set to the highest N rate 
applied (269 kg ha-1) for quadratic curves. Error bars represent 95% CIs, calculated using the 
variability in across-year mean grain yields among replicate plots. Confidence intervals for 
soybean yields are encompassed by the points. 
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Figure 3. Cropping system and N fertilizer rate effects on mean annual residue C inputs. 
Estimated mean annual inputs of crop residue C in response to N fertilizer rate applied to maize 
in continuous maize and maize-soybean systems. Each of four Iowa study locations is shown on 
a separate panel (a-d). Curves are quadratic-plateau or quadratic models fit to the data (P < 0.01 
for all models). Error bars represent 95% CIs, calculated using the variability in residue C inputs 
among replicate plots.  
 
 
 
 
 
27 
 
 
 
Figure 4. Cropping system and N fertilizer rate effects on soil organic C storage. Mean (± SE) 
annual change in surface (0-15 cm) soil organic C (SOC) in response to N fertilizer rate applied 
to maize in continuous maize (a) and maize-soybean (b) systems. Nitrogen fertilizer rate is 
expressed as a percentage of the agronomic optimum N rate for each system within each 
location. Quadratic regression curves are shown for both cropping systems, but the linear and 
quadratic coefficients were not significant for the maize-soybean rotation (continuous maize: y = 
-0.15 + 0.0050x – 0.000024x2, P < 0.01 for all coefficients; maize-soybean: y = -0.071 + 
0.00070x – 0.0000020x2, P < 0.05 for intercept, P = 0.28 for linear coefficient, P = 0.66 for 
quadratic coefficient). For reference, the horizontal dotted lines represent no SOC change.  
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Figure 5. Cropping system and N fertilizer rate effects on change in the soil C/N ratio. Mean (± 
SE) annual change in the surface (0-15 cm) soil C/N ratio in response to N fertilizer rate applied 
to maize in continuous maize (a) and maize-soybean (b) systems at four Iowa locations. Nitrogen 
fertilizer rate is expressed as a percentage of the agronomic optimum N rate for each system 
within each location. Regression lines are shown for both cropping systems, but the slope was 
not significant for the continuous maize system (continuous maize: y = -0.045 – 0.00003x, P < 
0.01 for intercept, P = 0.71 for linear coefficient; maize-soybean: y = -0.035 – 0.00012x, P < 
0.05 for intercept and linear coefficient). For reference, the horizontal dotted lines represent no 
change in the C/N ratio. 
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Figure 6. Relationship between soil organic C storage and residue C inputs. Mean (± SE) annual 
change in surface (0-15 cm) soil organic C (SOC) in response to mean (± SE) annual residue C 
inputs for continuous maize (a) and maize-soybean (b) systems. Solid regression lines apply to 
the full range of residue C inputs for each cropping system (continuous maize: y = -0.24 + 
0.075x, P < 0.01 for both coefficients; maize-soybean: y = -0.20 + 0.048x, P < 0.05 for both 
coefficients). The dashed regression line for the continuous maize system was fitted using the 
range of residue C inputs equal to the range observed for the maize-soybean system; the 
regression lines for the full and truncated data ranges did not differ (P = 0.43). Some horizontal 
error bars are encompassed by the points. For reference, the horizontal dotted lines represent no 
SOC change. 
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Figure 7. Conceptual relationships between N fertilizer input and maize yield, residue 
production, and residual soil inorganic N. The agronomic optimum N rate (AONR) is the N rate 
at which crop yield is maximized. Expected soil organic C (SOC) responses to fertilization of N-
deficient maize (below the AONR, grey area) and N-sufficient maize (above the AONR, white 
area) are shown in bold above the plot.  
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S1 Fig. Synthesis of long-term changes in soil organic C in topsoil vs. deeper soil. Data were 
compiled from studies of Upper Midwest U.S. Mollisols under agricultural management [11,50–
54]. The dataset includes only chisel-plow tillage systems. The percentage change in soil organic 
C (SOC) for the topsoil was positively correlated with the percentage change in SOC for the total 
soil profile (y = -0.10 + 0.80x, r = 0.66). The slope of this relationship was not significantly 
different from one (P > 0.05). The relationship between percentage SOC change in topsoil vs. 
profile soil was evaluated using linear regression (PROC MIXED; SAS ver. 9.4, SAS Inst., Cary, 
N.C.). The model included random coefficients for each study assuming unstructured covariance 
to account for correlation among treatments within each study. A 95% CI was calculated for the 
slope of the line to determine whether it differed significantly from one.  
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S1 Table. Economic Optimum N Rates for each cropping system within each study location. 
Economic Optimum N Rates (EONRs) were calculated using yield response curves shown in Fig 
2 and assuming a price ratio of $0.0056 kg N-1/$1 Mg maize grain-1. The estimated soil organic 
C changes at the EONRs for each cropping system were determined using regression curves 
shown in Fig. 4. 
Location System EONR (kg N ha-1)  
Northwest Continuous Maize 185  
Central Continuous Maize 185  
Southeast Continuous Maize 250  
South Continuous Maize 269  
Northwest Maize-Soybean 141  
Central Maize-Soybean 157  
Southeast Maize-Soybean 186  
South Maize-Soybean 236  
Location System EONR  
(% of AONR) 
Soil organic C change 
(Mg C ha-1 yr-1)a 
Combined Continuous Maize 94  0.11 ± 0.03 
Combined Maize-Soybean 88 -0.02 ± 0.03 
aMean ± SE. Soil organic C change was positive (P < 0.01) for continuous maize and neutral (P 
= 0.39) for maize-soybean. 
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S2 Table. Means and standard deviations of initial and final soil organic C (SOC) and total N concentrations for each N rate within 
each cropping system at the four study locations. 
Location System N 
Maize N 
Rate (kg N 
ha-1) 
Initial SOC 
(%) 
Initial SOC 
standard 
deviation 
Final 
SOC (%) 
Final SOC 
standard 
deviation 
Initial N 
(%) 
Initial N 
standard 
deviation 
Final N 
(%) 
Final N 
standard 
deviation 
Central CM 4 0 2.076 0.214 1.822 0.195 0.171 0.014 0.161 0.014 
Central CM 4 67 2.076 0.214 2.072 0.217 0.171 0.014 0.175 0.019 
Central CM 4 135 2.076 0.214 2.059 0.120 0.171 0.014 0.183 0.006 
Central CM 4 202 2.076 0.214 2.174 0.328 0.171 0.014 0.189 0.020 
Central CM 4 269 2.076 0.214 2.089 0.267 0.171 0.014 0.183 0.018 
South CM 4 0 2.285 0.072 2.197 0.026 0.179 0.006 0.182 0.005 
South CM 4 45 2.264 0.035 2.261 0.051 0.176 0.003 0.190 0.007 
South CM 4 90 2.174 0.148 2.241 0.056 0.169 0.009 0.189 0.004 
South CM 4 135 2.256 0.093 2.370 0.098 0.174 0.008 0.203 0.007 
South CM 4 179 2.266 0.096 2.362 0.074 0.177 0.008 0.201 0.006 
South CM 4 224 2.281 0.086 2.304 0.115 0.175 0.003 0.194 0.011 
South CM 4 269 2.237 0.102 2.334 0.084 0.165 0.008 0.195 0.009 
Southeast CM 4 0 2.677 0.325 2.628 0.226 0.206 0.034 0.214 0.023 
Southeast CM 4 45 2.781 0.171 2.596 0.175 0.211 0.011 0.213 0.016 
Southeast CM 4 90 2.899 0.144 2.773 0.165 0.225 0.008 0.226 0.014 
Southeast CM 4 135 2.819 0.172 2.792 0.184 0.220 0.007 0.227 0.015 
Southeast CM 4 179 2.690 0.167 2.758 0.172 0.214 0.023 0.227 0.011 
Southeast CM 4 224 2.806 0.168 2.726 0.114 0.211 0.015 0.228 0.007 
Southeast CM 4 269 2.581 0.031 2.810 0.074 0.207 0.016 0.230 0.009 
Northwest CM 4 0 2.783 0.084 2.741 0.089 0.246 0.008 0.252 0.009 
Northwest CM 4 45 2.783 0.084 2.828 0.115 0.246 0.008 0.253 0.008 
Northwest CM 4 90 2.783 0.084 2.826 0.152 0.246 0.008 0.259 0.015 
Northwest CM 4 135 2.783 0.084 2.948 0.177 0.246 0.008 0.269 0.016 
Northwest CM 4 179 2.783 0.084 2.925 0.046 0.246 0.008 0.268 0.013 
Northwest CM 4 224 2.783 0.084 2.946 0.202 0.246 0.008 0.261 0.009 
Northwest CM 4 269 2.783 0.084 2.865 0.101 0.246 0.008 0.263 0.010 
Central MS 8 0 2.080 0.251 1.969 0.334 0.169 0.015 0.168 0.024 
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S2 Table continued. 
Location System N 
Maize N 
Rate (kg N 
ha-1) 
Initial SOC 
(%) 
Initial SOC 
standard 
deviation 
Final 
SOC (%) 
Final SOC 
standard 
deviation 
Initial N 
(%) 
Initial N 
standard 
deviation 
Final N 
(%) 
Final N 
standard 
deviation 
Central MS 8 67 2.080 0.251 1.963 0.168 0.169 0.015 0.176 0.014 
Central MS 8 135 2.080 0.251 2.066 0.241 0.169 0.015 0.180 0.016 
Central MS 8 202 2.080 0.251 1.991 0.186 0.169 0.015 0.175 0.010 
Central MS 8 269 2.080 0.251 2.091 0.300 0.169 0.015 0.183 0.021 
South MS 8 0 2.248 0.089 2.239 0.093 0.177 0.009 0.186 0.009 
South MS 8 45 2.203 0.054 2.188 0.059 0.173 0.007 0.185 0.008 
South MS 8 90 2.274 0.115 2.189 0.090 0.184 0.008 0.184 0.005 
South MS 8 135 2.273 0.094 2.243 0.078 0.175 0.007 0.191 0.007 
South MS 8 179 2.257 0.068 2.223 0.073 0.178 0.009 0.187 0.007 
South MS 8 224 2.207 0.105 2.239 0.108 0.172 0.008 0.190 0.009 
South MS 8 269 2.224 0.114 2.238 0.101 0.174 0.010 0.190 0.007 
Southeast MS 8 0 2.829 0.133 2.814 0.157 0.221 0.011 0.225 0.012 
Southeast MS 8 45 2.881 0.147 2.844 0.164 0.223 0.019 0.226 0.015 
Southeast MS 8 90 2.829 0.130 2.762 0.233 0.225 0.015 0.222 0.013 
Southeast MS 8 135 2.855 0.133 2.894 0.247 0.224 0.024 0.228 0.020 
Southeast MS 8 179 2.871 0.203 2.879 0.167 0.226 0.027 0.230 0.014 
Southeast MS 8 224 2.820 0.157 2.861 0.143 0.213 0.017 0.229 0.014 
Southeast MS 8 269 2.798 0.148 2.797 0.164 0.219 0.013 0.230 0.011 
Northwest MS 8 0 2.800 0.090 2.734 0.101 0.245 0.008 0.248 0.006 
Northwest MS 8 45 2.800 0.090 2.750 0.169 0.245 0.008 0.250 0.013 
Northwest MS 8 90 2.800 0.090 2.825 0.176 0.245 0.008 0.252 0.012 
Northwest MS 8 135 2.800 0.090 2.758 0.110 0.245 0.008 0.247 0.010 
Northwest MS 8 179 2.800 0.090 2.784 0.112 0.245 0.008 0.259 0.015 
Northwest MS 8 224 2.800 0.090 2.750 0.192 0.245 0.008 0.254 0.011 
Northwest MS 8 269 2.800 0.090 2.783 0.207 0.245 0.008 0.250 0.011 
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S3 Table. Means and standard deviations of bulk density for each cropping system at each study location. 
Location System N 
Bulk 
density 
(g cm-3) 
Bulk 
density 
standard 
deviation 
Central CM 4 1.461 0.040 
South CM 4 1.203 0.067 
Southeast CM 4 1.084 0.095 
Northwest CM 4 1.155 0.034 
Central MS 4 1.314 0.032 
South MS 4 1.309 0.061 
Southeast MS 4 1.075 0.048 
Northwest MS 4 1.093 0.042 
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Aims: Nitrogen fertilizer management can impact both soil organic C (SOC) content and 
environmental N losses. However, the impact of long-term N management, and associated SOC 
changes, on crop N use efficiency is not well understood. At two long-term N fertilization 
experiments in Iowa, which have generated SOC gradients after 15 years of continuous maize 
(Zea mays L.) production, we evaluated the legacy effects of N fertilizer inputs on N use 
efficiency of maize.  
Methods: We applied isotopically-labeled N fertilizer at the site-specific agronomic optimum 
rate across the historical N fertilizer gradient and measured fertilizer recovery in the crop and 
soil pools.  
Results: Crop recovery of fertilizer N at physiological maturity averaged 88 kg N ha-1 in central 
Iowa and 37 kg N ha-1 in southern Iowa (44% and 14% of fertilizer applied N, respectively). At 
both locations, crop fertilizer N recovery exhibited a curvilinear response to historical N rate, 
with 10%-30% greater recovery at the lowest and highest historical N rates than intermediate 
rates. At the southern location, variation in crop fertilizer N recovery could be explained by 
early-season N retention in the topsoil. 
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Conclusions: Our results suggest that historical N management affects crop fertilizer N use 
efficiency, possibly by controlling topsoil retention of fertilizer N. 
Introduction 
Nitrogen inputs to cereal-based cropping systems are necessary to optimize crop yield 
and profitability over the short-term, and to sustain or enhance soil productivity over the long-
term. Nitrogen fertilizer applications that optimize crop yield generate large amounts of crop 
residue that maintain or build soil organic matter (SOM) over several years to decades 
(Poffenbarger et al. 2017). Soil organic matter is the largest source of maize N uptake in the U.S. 
Corn Belt (Stevens et al. 2005; Gardner and Drinkwater 2009) and SOM content is positively 
correlated with gross N mineralization rate (Booth et al. 2005) and plant-available N supply 
(Spargo et al. 2011; Culman et al. 2013). Soil organic matter enhances other soil properties 
critical for plant growth, including water-holding capacity, porosity, cation exchange capacity, 
and soil pH buffering (Weil and Magdoff 2004). By improving soil physical, chemical, and 
biological properties, SOM may increase root growth and yield potential, thereby enhancing N 
recovery by the crop (Yu et al. 2015).  
Synthetic N fertilizer is the largest source of N inputs to cropland, exceeding 
contributions from biological N fixation, atmospheric deposition, animal manures, and crop 
residue (Liu et al. 2010). However, usually less than half of the fertilizer N applied to maize (Zea 
mays L.), rice (Oryza sativa L.), or wheat (Triticum aestivum L.) is actually taken up by the crop, 
and some of the remainder is susceptible to loss (Cassman et al. 2002). Nitrogen lost from 
cropland decreases regional water and air quality, exacerbates coastal hypoxia, and contributes to 
greenhouse gas emissions (Robertson and Vitousek 2009). 
Minimizing the tradeoffs between agricultural productivity and environmental quality 
requires efficient use of agronomically-optimum fertilizer N inputs. We define fertilizer N use 
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efficiency as the proportion of fertilizer N that is taken up by the crop. When the supply of all 
resources other than N is held constant, fertilizer N use efficiency decreases with an increase in 
N fertilizer inputs because crop yield response to N fertilizer rate follows the law of diminishing 
returns. The yield boost provided by each unit of N diminishes as total N inputs approach the 
yield-maximizing rate (de Wit 1992). However, when crop resources other than N are allowed to 
vary, fertilizer N use efficiency increases as the supply of other resources approaches an 
optimum. A crop is able to produce more biomass with a given supply of N when growth is not 
limited by other resources (e.g., water, light, other nutrients), a concept termed “the law of the 
optimum” (de Wit 1992). Thus,  N use efficiency can be high in two contrasting scenarios: 1) 
where yields are low due to severe N deficiency, and 2) where yields are high due to optimal 
growing conditions (de Wit 1992). In fact, due to an optimal supply of resources other than N, 
high-yielding environments often operate with greater efficiency than low-yielding environments 
even when the high-yielding environments receive greater N inputs (Conant et al. 2013).  
In this study, we determined how legacy effects of long-term N fertilizer application rate 
on SOM content would affect fertilizer N use efficiency. We propose two alternative hypotheses: 
1) increasing SOM decreases fertilizer N use efficiency by increasing the supply of plant-
available N, thus reducing crop response to N fertilizer inputs, and 2) increasing SOM increases 
fertilizer N use efficiency by enhancing conditions for plant growth. To test these hypotheses, we 
measured the recovery of fertilizer N in soil and crop pools along SOM gradients generated by 
long-term N fertilization of continuous maize. 
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Materials and Methods 
Nitrogen Fertilization Experiments 
Long-term N fertilizer rate experiments were established in 1999 at two Iowa State 
University Research and Demonstration Farms – one located in central IA (42°01’ N; 93°47’ W), 
and the other located in southern IA (40°58’ N; 93°25’ W). Soils at the central location are 
classified as Hapludolls and Endoaquolls with predominantly loam surface texture, while soils at 
the southern location are classified as Argialbolls and Argiudolls with predominantly silt loam 
surface texture. The N fertilizer rate experiment in central IA is underlain with artificial 
subsurface (‘tile’) drainage, which is common to crop production and is installed on 
approximately 50% of Iowa maize cropland. In contrast, the southern location does not have 
artificial subsurface drainage. Mean annual precipitation for 1999-2014 was 970 mm at the 
central location and 980 mm at the southern location; mean annual temperature over the same 
time period was 9.1⁰ C at the central location and 9.5⁰ C at the southern location (Iowa State 
University 2017). 
The experimental design at each location is a randomized complete block design with 
four replicates. Each block is planted to maize every year and divided into five (central) or seven 
plots (southern), which each measure 4.6 m in width x 15.2 m in length and receive the same N 
rate every year. The N rates applied at the central location are 0 to 269 kg N ha-1 in 67 kg N ha-1 
increments, while those at the southern location are 0 to 269 kg N ha-1 in 45 kg N ha-1 
increments. Maize is planted lengthwise in the plots with a row spacing of 0.76 m. The trials are 
managed with fall chisel plowing and spring secondary tillage before planting. Nitrogen fertilizer 
is applied as either urea incorporated at planting or urea ammonium nitrate solution injected 1-4 
weeks post-planting (‘side-dress’). Other nutrients and soil pH are maintained based on soil 
testing for optimum production. 
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Average grain yields and selected soil properties for each location are presented in Table 
1. Average grain yields from 2000-2014 were used to determine the agronomic optimum N rate 
(AONR; i.e., the N rate that maximizes yield) at each location using the quadratic-plateau 
method described in Cerrato and Blackmer (1990). Grain yield data from 1999 were not included 
when estimating the AONR because the continuous maize sequence was not established until the 
second year of the experiment (i.e., maize planted in 1999 was not necessarily preceded by maize 
in 1998). The AONR for the central location was 202 kg N ha-1. The AONR could not be 
precisely defined at the southern location because grain yield increased up to the highest N rate 
applied (269 kg N ha-1), so we estimated the AONR to be 269 kg N ha-1 at this site (Poffenbarger 
et al. 2017).  
Treatment Application 
In spring 2015, two 4.6 m x 3.1 m subplots were established within each plot. One 
subplot received no N fertilizer (zero-N subplot), while the other received the site-specific 2000-
2014 AONR (optimum-N subplot) using NH4NO3 solution (4 L per subplot). Within the 
optimum-N subplot, a portion of the area (2.3 m x 3.1 m) received the AONR with 15NH4
15NO3 
(3.6 atom % at central location and 3.3 atom % at southern location); the remaining area of each 
subplot received non-labeled NH4NO3. The N solutions were applied to each subplot using a 
handheld backpack sprayer after secondary tillage and maize planting, but before emergence. 
Maize was planted at a seeding rate of 89,000 seeds ha-1 on May 13 (central location) and on 
April 28 (southern location). Nitrogen applications were made on May 19 and April 30 at the 
central and southern locations, respectively. Subplots were thinned at the two-leaf stage to 
achieve consistent populations among all subplots. Maize populations averaged 83,240 plants ha-
1 (SE=1178) at the central location and 86,829 plants ha-1 (SE=602) at the southern location. 
Weed control was accomplished using pre- and post-emergence herbicide applications. 
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Supplemental hand weeding was performed (with weed residue returned to the soil surface) to 
maintain weed-free subplots. 
Residue Cover Measurements 
At the maize ten-leaf stage in 2015, residue cover from the previous year’s crop was 
visually assessed to provide a relative estimate of fresh C inputs to the soil across the N input 
gradient. A 3-m pole marked at 15-cm increments was placed diagonally across each subplot 
from one corner to the other. The presence or absence of residue at each 15-cm marking was 
recorded. Percentage residue cover was calculated as the proportion of 15-cm marks that 
intersected with residue, multiplied by 100. 
Soil Sampling 
Soil samples were collected to 15-cm depth in the fall of 2014 immediately after maize 
harvest and prior to subplot installation to measure soil inorganic N (Oct. 17-21 at central 
location and Oct. 22, 2014 at southern location). The 2014 samples were composited from fifteen 
cores of 2.5 cm diameter taken randomly throughout each of the long-term N rate plots. The 
following year, surface soil samples (0-15 cm) were collected following subplot installation at 
the maize five-leaf growth stage (June 19 at central location and June 1, 2015 at southern 
location) and at physiological maturity (Sept. 30 at central location and Sept. 16, 2015 at 
southern location). The 2015 surface soil samples were composited from 12 cores of 2.5 cm 
diameter taken from the zero-N and optimum-N subplots at the five-leaf stage and from the 
optimum-N subplots at maturity. At the five-leaf stage, maize has taken up ~5% of its total N 
uptake after approximately four weeks of growth. However, the rate of N uptake increases 
rapidly after this stage, reaching a peak as the crop enters reproductive growth (Abendroth et al. 
2011).  
46 
 
 
Profile soil cores (0-120 cm) were also collected immediately following maize harvest in 
2015 (Oct. 13 at central location and Oct. 16 at southern location). The 2015 profile soil samples 
were composited from three cores of 3.8 cm diameter that were divided into 30-cm increments. 
All of the optimum-N subplots were sampled to 120 cm depth, but only one zero-N subplot from 
each block was sampled to this depth to determine 15N natural abundance. All soil samples were 
transported in a cooler and stored at 4⁰C for less than one week before processing.  
Soil Chemical Analyses 
Soil sample processing involved obtaining a fresh weight of each sample and a fresh and 
oven-dried weight (105⁰ C) of a 10-g subsample. These measurements were used to determine 
bulk density. Each soil sample was then passed through an 8-mm sieve and mixed by hand. The 
2015 soil samples were subsampled for inorganic N determination immediately after sieving and 
homogenizing while the soil was still field-moist, whereas the fall 2014 soil samples were air-
dried and finely ground before inorganic N determination. We extracted NH4
+ and NO3
- by 
reciprocal shaking for 1 hour in a 2 M KCl solution at a m/v ratio of 1:5. After shaking, the 
solution was filtered using a pre-leached Whatman 1 filter paper and analyzed for NH4
+-N and 
NO3
--N concentrations (Hood-Nowotny et al. 2010). The remaining portion of each sample was 
air-dried. A subsample of the air-dried sample was finely ground and analyzed for total N 
concentration and 15N abundance using dry combustion elemental analysis/IRMS (Europa 
Scientific SL-2020, Cambridge, UK). Concentrations of inorganic N and total N in mg kg-1 were 
scaled to units of kg ha-1 using the bulk density of each sample.  
Soil Physical Fractionation 
The 0–15 cm samples from the five-leaf and physiological maturity sampling events were 
also subjected to size- and density-based separations to isolate fractions representative of fast- 
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and slow-turnover SOM pools. We isolated five fractions: coarse unprotected particulate organic 
matter (cPOM), fine unprotected POM (fPOM), microaggregate-protected POM (iPOM), easily 
dispersed silt plus clay (dSilt+Clay), and microaggregate-derived silt plus clay (µSilt+Clay). 
Particulate organic matter comprises partially decomposed litter and organic residues, and is 
positively associated with microbial growth, nutrient cycling, and soil aggregation due to its high 
energy value (Wander 2004). Particulate organic matter that is occluded within microaggregates 
(iPOM) is physically protected from decomposition, and thus turns over more slowly (half-life of 
a few years to decades) than unprotected POM outside microaggregates (cPOM and fPOM; half-
life of days to a few years). Organic matter that is adsorbed on mineral surfaces (dSilt+Clay) is 
chemically protected and may also be physically protected from decomposition when contained 
within microaggregates (µSilt+Clay). Mineral-associated organic matter is positively associated 
with soil aggregation and sorption and has a half-life of decades to centuries (Wander 2004). 
The first step in the fractionation procedure was to separate three size fractions by partial 
dispersion using the microaggregate isolator described by Six et al. (2000). Approximately 20 g 
of 8-mm sieved, air-dried soil from each sample were soaked in 50 mL of deionized (DI) water 
overnight, then poured onto a 250-µm screen inside a cylinder and reciprocally shaken with 50 
metal beads under continuously flowing DI water for eight minutes. Coarse unprotected POM 
and sand were collected on the 250-µm sieve, while a 53-µm sieve below the 250-µm sieve 
isolated microaggregates, sand, and fPOM. Easily dispersed silt plus clay was collected in a 
container below the 53-µm sieve. Following eight minutes of shaking, macroaggregates 
remaining on the 250-µm sieve were broken up using a metal spatula and their constituents were 
rinsed through the stacked sieves using a DI wash bottle. The 53-250 µm fraction 
(microaggregates, sand, and fPOM) was wet-sieved by moving the 53-µm sieve up and down in 
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the basin of silt and clay water. The suspension of silt and clay was centrifuged to facilitate the 
removal of water. The fractions were oven-dried (105⁰ C) and weighed. 
The second step was a further fractionation of the 53-250 µm fraction isolated in the first 
step. Fine unprotected POM was separated from the microaggregates and sand by density 
flotation using 1.85 g cm-3 sodium polytungstate (Six et al. 2000). The heavy fraction was then 
dispersed by shaking in 0.5% sodium hexametaphosphate with ten glass beads for 18 hours and 
passed through a 53-µm sieve to separate the iPOM from the µSilt+Clay. For samples collected 
at the central location, a density flotation using 2.30 g cm-3 sodium polytungstate was used to 
remove sand from the cPOM and iPOM fractions. The fractions isolated by density separation 
were also dried at 105⁰ C and weighed.  
The cPOM, fPOM, iPOM, dSilt+Clay, and µSilt+Clay fractions were ground using a 
mortar and pestle and analyzed for total C and N concentrations and 15N abundance using dry 
combustion elemental analysis/IRMS (Europa Scientific SL-2020, Cambridge, UK). Due to a 
small amount of sample recovered for the fPOM fraction, we combined material across the four 
replicate blocks of each N rate treatment for each location prior to analysis. The C and N 
concentrations of each fraction were multiplied by the proportion of each fraction to total soil 
mass to determine the C and N content of each fraction per unit of soil mass. After determining 
that the sum of C from all fractions (g recovered-C kg-1 soil) nearly equaled the C concentration 
of the whole soil, (90% and 91% recovery for central and southern locations, respectively), we 
multiplied the proportion of total recovered C in each fraction (g fraction-C g-1 recovered-C) by 
the whole soil C concentration (g whole soil-C kg-1 soil) for presentation in Figure 1. When 
presenting SOC content or N recovery of individual fractions, we combined cPOM and fPOM 
into a single ‘free POM’ (frPOM) pool. 
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Plant Sampling and Analysis 
Maize was sampled for grain yield and N uptake within the zero-N and optimum-N 
subplots at physiological maturity (Sept. 24 in central location and Sept. 11 in southern location). 
Six plants were collected from the center two rows of each subplot. The ears and stover (stalks, 
leaves, and husks) were separated, a fresh weight was obtained on the ears, and both the ears and 
stover were placed in an oven at 60⁰ C. Ears were collected from the remaining plants in the 
center two rows of each subplot, counted to determine plant population, and weighed fresh (yield 
area =3.48 m2). The grain and cobs from the six-plant sample were separated and all components 
(i.e., stover, grain, and cobs) were weighed separately after drying. The grain dry matter yield (in 
kg ha-1) was calculated by adjusting the fresh ear weight of the entire area to grain dry weight 
using the moisture content and grain:cob ratio of the six-plant sample. Stover and cob dry matter 
(in kg ha-1) were calculated using the grain dry matter yield, the harvest index (grain dry 
matter/total aboveground dry matter) of the six-plant sample, and the stover and cob proportions 
of the six-plant sample. Grain yield was adjusted to 155 g kg-1 moisture content for presentation 
in this paper. The stover, cob, and grain of each six-plant sample were ground separately and 
analyzed for N concentration and 15N abundance using dry combustion elemental analysis/IRMS 
(Europa Scientific SL-2020, Cambridge, UK). The N concentration of each component was 
multiplied by the dry matter of the same component. The N content of all components were 
added to obtain total aboveground plant N uptake in units of kg ha-1. 
Maize was harvested in the remaining portion of the plots (outside of the zero-N and 
optimum-N subplots) using a small-plot combine in 2015. Grain yields in 2015 were used to 
determine the AONR at each location for this specific year using the quadratic-plateau method 
(Cerrato and Blackmer 1990). The 2015 AONR for the central location was 217 kg N ha-1. 
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Consistent with previous years, the AONR at the southern location could not be precisely 
defined in 2015 because grain yield increased up to the highest N rate applied (269 kg N ha-1).  
Calculations and Statistics 
Nitrogen recovery in maize grain, total aboveground biomass (including grain, cobs, and 
stover), whole soil, and soil fractions was calculated using the direct method according to the 
following equations:  
𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝐴𝑡𝑜𝑚%15𝑁𝑜𝑝𝑡𝑁−𝐴𝑡𝑜𝑚%
15𝑁𝑧𝑒𝑟𝑜𝑁
𝐴𝑡𝑜𝑚%15𝑁𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟−𝐴𝑡𝑜𝑚%
15𝑁𝑧𝑒𝑟𝑜𝑁
 [1] 
𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑑𝑖𝑟𝑒𝑐𝑡 = 𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑥 𝑁 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑜𝑝𝑡𝑁 [2] 
where Atom%15NoptN  and Atom%
15NzeroN are the atom % 
15N values of maize grain, total 
aboveground biomass, whole soil, or soil fractions from the optimum-N subplot and zero-N 
subplot, respectively, N contentoptN is the N content of maize grain, total aboveground biomass, 
whole soil, or soil fractions from the optimum-N subplot, and Atom%15Nfertilizer is the atom % 
15N 
of the fertilizer applied to the optimum-N subplot. 
Nitrogen recovery in maize grain and total aboveground biomass was also calculated 
using the difference method. The difference method assumes that N fertilization has no effect on 
plant uptake of soil N, which is estimated using the amount of N contained in the aboveground 
portion of the crop grown in an unfertilized plot (zero-N subplot). Nitrogen recovery by the 
difference method was calculated as: 
𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑁 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑜𝑝𝑡𝑁 − 𝑁 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑧𝑒𝑟𝑜𝑁 [3] 
Fertilizer N use efficiency was calculated by dividing the fertilizer N recovery 
determined using the direct or difference method by the N rate applied in the optimum-N 
subplots (202 kg N ha-1 in central IA and 269 kg N ha-1 in southern IA). 
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We used linear mixed-effects models in R (R Core Team 2017) to analyze the effect of 
historical N rate on soil properties, grain yield, N uptake, and N recovery in plant and soil pools 
(Pinheiro et al. 2014). Fixed effects included location (categorical variable), historical N rate 
(continuous variable), squared historical N rate, and the interactions of location x historical N 
rate and location x squared historical N rate; block was included as a random effect. For SOC 
and C:N ratio of whole soil and soil fractions, we used data from the five-leaf sampling time and 
averaged over subplot types when performing regression analysis and calculating means. For N 
recovery in maize grain and aboveground biomass, the method of determination (direct vs. 
difference) was also included as a fixed effect to determine the effect of method on the response 
of N recovery to historical N rate. For soil N recovery and inorganic N content following maize 
harvest, the data set was subset by depth and each depth increment was analyzed separately. We 
used analysis of variance to determine the significance of fixed effects. Non-significant fixed 
effects (P>0.10) were eliminated from the model in a stepwise fashion beginning with the 
highest order interaction. The glht function in R package ‘multcomp’ (Hothorn et al. 2008) was 
used for hypothesis testing of the regression coefficients.   
Results  
Soil Organic Matter, Inorganic N Content, and Residue Cover 
At both locations, the majority (50-57%) of total SOC was associated with silt and clay 
particles occluded in microaggregates (µSilt+Clay), and this fraction combined with easily-
dispersed silt+clay (dSilt+Clay) accounted for ~90% of total SOC (Figure 1). Of the two POM 
fractions, frPOM made up a greater proportion of total SOC than iPOM, except within plots that 
historically received low N inputs at the southern location. The southern location soil was more 
fine-textured than the central location soil and contained more SOC, particularly within the 
dSilt+Clay and POM fractions (Figure 1).  
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The SOC concentration of the whole soil and all physical fractions increased with 
increasing long-term N rate (P<0.01; Table S1), with the exception of dSilt+Clay. Increasing the 
N application from 0 to 269 kg N ha-1 increased the total SOC by approximately 2 g kg-1 at both 
locations and increased the proportion of total SOC as frPOM by approximately 50% at both 
locations. 
The C:N ratios of whole soil, µSilt+Clay, and dSilt+Clay were between 11 and 12, while 
the iPOM and frPOM fractions had C:N ratios of 14-17 and 18-21, respectively (Figure 2). The 
C:N ratio of the µSilt+Clay tended to be higher than that of the dSilt+Clay at both locations. The 
C:N ratio of all physical fractions decreased significantly across the N input gradient (P<0.05; 
Table S2).  
The gradient of long-term N inputs also impacted fall and spring soil inorganic N content 
and residue cover. Soil inorganic N content in the fall immediately following 2014 harvest 
ranged from 10 to 20 kg N ha-1, with maximum values at intermediate (southern) or high 
(central) historical N rates (Figure S1). Soil inorganic N content at the five-leaf stage in 2015 
tended to be greatest for the two highest rates within the historical N rate gradient at both 
locations (Table S3). Residue cover at the maize ten-leaf stage in 2015 averaged 30% in the plots 
that historically received zero N and increased to 59% at the highest long-term N rate at both 
locations (Figure S2). Percentage residue cover exhibited a quadratic response to historical N 
rate at both locations.   
Weather Conditions 
The central location experienced average precipitation during April and May, and above-
average precipitation for most of the 2015 growing season (June-September) (Figure S3). The 
southern location also experienced above-average rainfall for May, June, July and September, 
and below-average rainfall for the months of April, August, and October. Air temperatures were 
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near-average for most of the growing season, but both locations experienced relatively warm 
mean temperatures in April, September, and October.  
Grain Yield, N Uptake, and Fertilizer N Recovery 
Grain yield and N uptake in the zero-N subplots increased linearly with increasing 
historical N rate (P<0.01), while grain yield and N uptake in the optimum-N subplots exhibited a 
quadratic response (P<0.10; Table S4), with the greatest yield and N uptake in subplots that had 
historically received relatively low or high N inputs (Figure 3). Averaged across historical N 
rates, maize grain yield in the optimum-N subplots was 13.4 Mg ha-1 at the central location and 
8.3 Mg ha-1 at the southern location and total N uptake (fertilizer N + non-fertilizer N) was 179 
kg N ha-1 at the central location and 96 kg N ha-1 at the southern location (Figure 3). Maize grain 
yield and N uptake in the zero-N subplots were approximately 50% of the yield or N uptake in 
the optimum-N subplots.  
Consistent with yield and N uptake in the optimum-N subplots, fertilizer recovery tended 
to be greatest in the plots that had historically received low or high N inputs, and lowest in the 
plots that had historically received intermediate N inputs (Figure 4). Averaged across historical 
N rates, maize took up 88 kg fertilizer-N ha-1 in aboveground biomass (44% of fertilizer N 
applied) at the central location, and 37 kg fertilizer-N ha-1 (14% of fertilizer N applied) at the 
southern location as measured by the direct 15N method (Figure 4). The fertilizer N accounted for 
49% and 37% of total plant N uptake at the central and southern locations, respectively, and this 
percentage did not vary across historical N rates (P=0.14). Seventy two percent (central) or 68% 
(southern) of total N uptake was harvested as grain. Maize fertilizer N recovery was significantly 
greater when measured using the difference method than the direct method (P<0.001; Table S5), 
but the response of fertilizer recovery in grain and total aboveground biomass across historical N 
rates was similar for both methods (P>0.10).  
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Fertilizer Recovery in Soil (0-15 cm) 
Between 18 and 40% of the fertilizer-N applied at planting was recovered in the surface 
15 cm of soil at the onset of maize N uptake (five-leaf stage). At the central location, fertilizer N 
recovery decreased with increasing historical N rate from 54 kg fertilizer-N ha-1 to 36 kg 
fertilizer-N ha-1 (Figure 5). At the southern location, fertilizer N recovery in the soil 
demonstrated a quadratic response (P<0.01), with approximately 100 kg fertilizer-N ha-1 
recovered in plots that had historically received 0 or 269 kg N ha-1 in annual applications and as 
little as 73 kg fertilizer-N ha-1 recovered in the plots that had received the intermediate historical 
N rate. Of the total fertilizer N recovered in the surface 15 cm, only 20-36% was recovered in the 
insoluble physical fractions, suggesting that most of the fertilizer N was in soluble forms at the 
five-leaf growth stage. This is supported by inorganic N content data from optimum-N subplots 
at the same growth stage, which averaged 75 kg N ha-1 at the central location and 152 kg N ha-1 
at the southern location (Table S3). Most of the fertilizer N recovered in the insoluble physical 
fractions was found in the dSilt+Clay and µSilt+Clay fractions, and recovery of fertilizer N in 
dSilt+Clay decreased with historical N rate (P<0.05; Figure 5; Table S6). Between 1 and 3 kg 
fertilizer-N ha-1 was found in the frPOM fraction at the maize five-leaf stage, and recovery of 
fertilizer N in this fraction tended to be greater for intermediate and high historical N rates than 
for the long-term zero N treatment (P<0.05; Figure 5; Table S6). Very little fertilizer-N was 
recovered in the iPOM fraction (Figure 5). 
Recovery of fertilizer N in the surface 15 cm decreased between the five-leaf stage and 
physiological maturity, corresponding to the period of substantial N uptake by the crop. At 
physiological maturity, 27-40 kg fertilizer-N ha-1 was recovered in the surface 15 cm at the 
central location and 34-51 kg fertilizer-N ha-1 was recovered at the southern location; 60-90% of 
the total fertilizer N recovered in the surface 15 cm was found in the insoluble physical fractions 
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(Figure 6). Fertilizer N recovery decreased with historical N rate for the whole soil and mineral-
associated fractions (P<0.05; Table S7). However, fertilizer N recovery in the frPOM fraction 
tended to increase from zero to intermediate (central and southern) or high (southern) historical 
N rates (P<0.05; Table S7).  
Fertilizer Recovery in Crop and Soil (0-120 cm) 
Despite the significant effect of historical N rate on fertilizer N recovery in the crop, there 
was no effect of historical N rate on total system recovery (soil profile plus plant uptake; 
P=0.18), which averaged 134 kg N ha-1 and 84 kg N ha-1 across historical N rates at the central 
and southern locations, respectively (Table 2). Recovery of fertilizer N in the soil at 
physiological maturity decreased with increasing depth and tended to decrease with increasing 
historical N rate, although the response to historical N rate differed depending on the depth 
increment (Table 2). Fertilizer N recovery in the soil profile (0-120 cm) ranged from 38 to 61 kg 
N ha-1, and was lowest in the plots receiving the highest historical N inputs. 
Discussion 
Long-Term N Fertilization Increases Soil Organic Matter and Plant-Available N Supply 
The range of long-term N fertilizer rates established a gradient of SOC by regulating the 
quantity of crop residue inputs to the soil (Poffenbarger et al. 2017). We found that SOC in the 
frPOM fraction increased and the C:N ratios of frPOM and iPOM decreased with historical N 
rate (Figures 1 and 2), which were consistent with a previous investigation at the central location 
(Brown et al. 2014). Particulate organic matter is primarily composed of partially-decomposed 
plant residue, and thus reflects the quantity and quality of crop residue entering the soil more 
closely than do the more decomposed mineral-associated fractions. We also found positive 
effects of historical N rate on SOC of the whole soil as well as the µSilt+Clay and iPOM 
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fractions, results which were not observed in the previous study. This discrepancy may be 
explained by the shallower sampling depth of the present study (0-15 cm) compared to the 
previous study (0-30 cm), which likely accentuated the impact of crop residue inputs on SOC 
results. The finding that SOC in the dSilt+Clay was not affected by historical N rate, but that 
µSilt+Clay, iPOM, and frPOM did respond to N rate, is largely consistent with the hierarchical 
model of C saturation: small, physico-chemically protected C pools saturate most quickly and 
additional C inputs are then stored in less protected pools (Gulde et al. 2008). 
Increasing historical N rate led to increasing plant-available N supply as measured by 
grain yield and plant N uptake in zero-N subplots. This response was most likely due to greater 
N mineralization from SOM in plots with greater historical N inputs because variation in surface 
soil inorganic N content from the previous fall was not large enough to account for differences in 
crop N uptake across the historical N rate gradient (Figures S1 and 3). Moreover, in the growing 
season leading up to the experimental year, rainfall was adequate, yields were above-average, 
and the AONRs were greater than 250 kg N ha-1 (Figure S4), suggesting that soil inorganic N 
pools in deeper soil layers were likely depleted due to plant uptake and/or leaching. 
Multiple Processes Control the Response of Crop Fertilizer N Recovery to Historical N 
Rate 
The curvilinear relationship between crop fertilizer N recovery and historical N rate in 
the optimum-N subplots suggests that multiple processes control the response of fertilizer N use 
efficiency to previous fertilizer rate. The decrease in fertilizer N recovery with increasing 
historical N rate up to the intermediate rate (Figure 4) is consistent with the law of diminishing 
returns. Based on maize N uptake in the zero-N subplots (Figure 3), the soil N supply increased 
across the gradient of historical N inputs, which decreases the response of maize N uptake to 
fertilizer N inputs (i.e., the difference between N uptake in the optimum-N and zero-N subplots). 
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However, total plant N uptake in the optimum N subplots (i.e., sum of plant-available supply 
from both soil and fertilizer) also showed a curvilinear response. That total plant N uptake in the 
optimum-N subplots decreased from the lowest historical N rate to an intermediate rate suggests 
that the decrease in crop fertilizer N recovery with increasing historical N rate was not only due 
to an increasing supply of N from the soil, but also due to variation in the plant-availability of 
fertilizer N. The increase in fertilizer N recovery from the intermediate historical N rate to the 
highest historical N rate is consistent with the law of the optimum. Increasing SOC across the 
gradient of historical N inputs may enhance the supply of other resources (e.g., plant-available 
water and nutrients) resulting in greater yield potential, which leads to more efficient recovery of 
fertilizer N (de Wit 1992). 
Early-season fertilizer N recovery in the mineral-associated and particulate organic 
matter fractions may explain variation in the plant-availability of fertilizer N across the historical 
N rate gradient. At the five-leaf stage of maize, fertilizer N recovery in the dSilt+Clay fraction of 
the surface soil decreased with increasing historical N rate, while fertilizer N recovery generally 
increased within the frPOM fraction (Figure 5). These patterns agree with previous research 
showing that a smaller proportion of added N is stored in mineral-associated OM and a greater 
proportion is stored in POM as the amount of mineral-associated or total SOC increases (Burger 
and Jackson 2003; Castellano et al. 2011; Poirier et al. 2014). In plots with historically low N 
inputs, mineral-associated SOC is lower and thus there is greater capacity to stabilize new N in 
organic compounds that are chemically bound to silt and clay surfaces. In plots with historically 
high N inputs, the greater supply of frPOM and surface residue (Figure S1) may promote the 
temporary immobilization of fertilizer N in microbial biomass attached to the decomposing 
residue. The partially-decomposed plant residues making up frPOM have C:N ratios (18-21; 
58 
 
 
Figure 2) that approach the critical transition from net N mineralization to net N immobilization 
(Stevenson and Cole 1999). These two mechanisms of retention (i.e., mineral retention and 
immobilization) seem to explain variation in the whole soil fertilizer N recovery at the five-leaf 
stage. At the central location, whole soil fertilizer N recovery was well-correlated to recovery in 
the dSilt+Clay fraction (r=0.60), whereas at the southern location, the whole soil N recovery 
appears to reflect retention by dSilt+Clay at low historical N rates and retention by dSilt+Clay 
and POM at high historical N rates. The variation in early-season fertilizer N recovery was 
positively correlated with end-of-season grain yield (r=0.58), plant N uptake (r=0.49), and crop 
fertilizer N recovery (r=0.69) at the southern location.  
Despite significant effects of historical N rate on fertilizer N recovery in the crop and soil 
at physiological maturity, there was no legacy effect of N rate on fertilizer N recovery for the 
soil-crop system (i.e., soil profile plus aboveground biomass), indicating that variation in crop 
and soil fertilizer N recovery was due to differential allocation of fertilizer N between these 
pools rather than to variation in N losses. Our data suggest that the greater allocation of fertilizer 
N to crop uptake vs. soil storage with low historical N rates relates to greater early-season 
retention of fertilizer N in the topsoil mineral-associated organic matter (Figure 5). Greater 
allocation of fertilizer N to crop uptake vs. soil storage with high historical N rates may be due 
to: 1) enhanced crop yield potential due to greater SOM content (Figures 1 and 4), and/or 2) 
improved availability of fertilizer N due to a greater proportion cycling in fast-turnover pools 
such as frPOM (Figure 5).  
Site-Specific Factors Strongly Influence Fertilizer N Use Efficiency 
Differences in fertilizer N use efficiency were much greater between locations than 
among historical N rates within a single location. Fertilizer N use efficiency at the central 
location (44%) was consistent with fertilizer N use efficiency results from other studies 
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conducted in the U.S. Corn Belt using the direct method, which range from 30 to 50% for 
optimally-fertilized maize (Varvel and Peterson 1990; Schindler and Knighton 1999; Stevens et 
al. 2005). The low fertilizer N use efficiency at the southern location (14%) was consistent with 
the observation that the AONR is typically high (269 kg N ha-1) (Poffenbarger et al. 2017) 
despite grain yields being relatively low at this location (Table 1). Soils at the southern location 
are poorly-drained with no artificial drainage, conditions which limit yield potential and promote 
N loss through denitrification (Meisinger and Randall 1991; Helmers et al. 2012). The southern 
location represents a situation where tradeoffs between productivity and environmental 
performance are particularly high: fertilizing at the yield-maximizing rate leads to high N losses 
to the environment due to poor crop N recovery (14 kg N lost/Mg yield at southern vs. 5.1 kg N 
lost/Mg yield at central, averaged across historical N rates). Low fertilizer N use efficiency is 
also economically costly, and the combination of high input costs and low maize yields may 
partially explain why a much lower proportion of land area is devoted to row crop production in 
south central Iowa than in central Iowa (26% and 72% for Lucas County and Boone County, 
respectively, in 2016) (National Agricultural Statistics Service 2017). 
Methodological Considerations in Determining Fertilizer N Use Efficiency 
Fertilizer N use efficiency was higher when calculated by the difference method than by 
the direct method (Figure 4). The difference method assumes that the soil supplies the same 
amount of N to the crop in fertilized and unfertilized treatments. Greater N recovery by the 
difference method than the direct method could arise if this assumption is violated (i.e., N 
fertilization enhances soil N mineralization or root development). Alternatively, the greater N 
recovery by the difference method could reflect an inaccuracy of the direct method caused by 
biological interchange of 15N-labeled N with unlabeled soil N (i.e., part of the 15N-enriched N 
applied to a soil is immobilized in the organic N fraction and replaced with N mineralized from 
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the native SOM) (Jenkinson et al. 1985; Harmsen and Moraghan 1988). We found that fertilizer 
N recovery demonstrated a similar response to historical N rate for both methods, suggesting that 
if biological interchange of 15N did occur, the magnitude of this effect was similar across our 
treatments.   
Conclusion 
We evaluated the legacy effect of long-term N fertilizer rate on fertilizer N use efficiency 
at two locations in Iowa. The range of N inputs in the N fertilizer rate experiments generated a 
significant gradient in total SOC, microaggregate-occluded POM-C and silt plus clay-C, as well 
as non-occluded POM-C. When the AONR was applied across all historical N rate treatments, 
crop fertilizer N recovery exhibited a curvilinear response, with the greatest recovery in plots 
receiving low and high historical N inputs. However, historical N rate had no effect on fertilizer 
recovery in the crop plus soil (0-120 cm). The greater allocation of fertilizer N to the crop vs. the 
soil in plots with low historical N inputs may be attributed to greater early-season retention of 
fertilizer N in the topsoil. The greater allocation of fertilizer N to the crop vs. the soil in plots 
with high historical N inputs may be attributed to enhanced crop yield potential due to greater 
SOM and to the cycling of fertilizer N in fast-turnover SOM pools. 
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Tables and Figures 
Table 1. Mean grain yields (2000-2014) and selected soil properties (0-15 cm) for the long-term 
N rate experiments in central and southern IA. Standard errors are shown in parentheses. 
Historical N 
rate (kg N 
ha-1) 
Historical 
grain yield 
(Mg ha-1)a 
Bulk density 
(g cm-3)b at 
five-leaf stage 
Bulk density 
(g cm-3)c at 
phys. 
maturity 
Sand content 
(%)d 
pHe 
 Central 
0 4.16 (0.28) 1.34 (0.037) 1.38 (0.029) 38.0 (1.91) 6.7 (0.23) 
67 8.18 (0.16) 1.38 (0.036) 1.32 (0.040) 36.4 (3.03) 6.4 (0.18) 
135 10.59 (0.11) 1.33 (0.021) 1.36 (0.031) 36.7 (2.30) 6.2 (0.13) 
202 11.12 (0.13) 1.34 (0.020) 1.35 (0.049) 36.8 (3.11) 6.0 (0.05) 
269 11.60 (0.17) 1.32 (0.047) 1.39 (0.050) 36.3 (2.74) 6.2 (0.21) 
 Southern 
0 2.10 (0.19) 1.28 (0.037) 1.23 (0.012) 4.00 (0.16) 6.3 (0.11) 
45 3.58 (0.08) 1.24 (0.027) 1.21 (0.025) 4.30 (0.23) 6.5 (0.18) 
90 4.84 (0.11) 1.24 (0.029) 1.18 (0.009) 4.50 (0.51) 6.3 (0.10) 
135 6.49 (0.21) 1.23 (0.031) 1.21 (0.039) 4.50 (0.21) 6.1 (0.13) 
179 7.93 (0.17) 1.25 (0.030) 1.26 (0.007) 4.53 (0.37) 6.2 (0.09) 
224 8.59 (0.23) 1.21 (0.028) 1.18 (0.028) 4.68 (0.45) 6.2 (0.08) 
269 9.18 (0.31) 1.23 (0.032) 1.12 (0.062) 4.70 (0.65) 6.0 (0.16) 
a Central: Yield = 4.16 + 0.072*Rate – 0.00018*Rate2 for Rate<200, Yield = 11.35 for 
Rate>202; Southern: Yield = 1.95 + 0.040*Rate – 0.000046*Rate2 (Poffenbarger et al. 2017). 
b Bulk density values averaged across subplot types. Central: Bulk density = 1.36 – 
0.00015*Rate (P<0.001 for intercept, P<0.10 for linear coefficient); Southern: Bulk density = 
1.26 – 0.00015*Rate (P<0.001 for intercept, P<0.10 for linear coefficient). 
c Central and Southern: non-significant response. 
d Central: Sand = 37.4 – 0.0046*Rate (P<0.001 for intercept, P<0.10 for linear coefficient); 
Southern: non-significant response. 
e Central and Southern: pH = 6.47 – 0.0015*Rate (P<0.001 for intercept and linear coefficient). 
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Table 2. Fertilizer N recovery at harvest time in optimum-N subplots at two long-term N rate experiments in 2015. Standard errors are shown in 
parentheses. Regression coefficients for significant responses of fertilizer N recovery to historical N rate are provided in the footnotes. 
 Recovery of fertilizer N applied at the agronomic optimum N rate (kg N ha-1) 
Historical N 
rate (kg N ha-1) 
0-30 cma 30-60 cmb 60-90 cmc 90-120 cm 0-120 cmd 0-120 cm + 
plant uptake 
Unrecovered 
 Central (AONR 2000-2014 = 202 kg N ha-1) 
0 25.1 (3.88) 8.68 (1.08) 8.16 (0.90) 1.06 (0.20) 43.0 (2.73) 135 (8.31) 67.0 (8.31) 
67 42.7 (6.74) 5.21 (1.18) 4.02 (1.25) 0.61 (0.35) 52.6 (5.94) 138 (6.77)  63.6 (6.77) 
135 28.7 (1.86) 6.53 (1.53) 4.27 (0.54) 0.98 (0.11) 40.4 (3.70) 121 (7.31) 80.6 (7.31) 
202 36.7 (3.78) 6.46 (0.57) 6.13 (1.11) 0.74 (0.39) 50.0 (4.27) 139 (8.03) 62.7 (8.03) 
269 30.2 (3.19) 3.68 (1.36) 4.73 (0.65) 0.93 (0.23) 39.5 (3.57) 134 (1.00) 68.4 (1.00) 
Mean 32.7 (2.20) 6.11 (0.61) 5.46 (0.51) 0.86 (0.12) 45.0 (2.04) 134 (3.09) 68.5 (3.09) 
 Southern (AONR 2000-2014 = 269 kg N ha-1) 
0 38.1 (5.61) 3.38 (1.15) 1.67 (1.12) 0.52 (0.23) 43.6 (7.30) 82.6 (16.2) 119 (16.2) 
45 59.1 (8.38) 1.49 (0.30) 0.60 (0.11) 0.20 (0.02) 61.4 (8.55) 106 (16.7)  95.5 (16.7) 
90 56.3 (7.88) 2.58 (0.58) 0.30 (0.07) 0.19 (0.08) 59.4 (8.03) 95.2 (14.7) 107 (14.7) 
135 37.6 (3.01) 4.11 (3.16) 0.30 (0.12) 0.20 (0.12) 42.2 (4.79) 69.2 (3.77) 133 (3.77) 
179 46.7 (7.66) 1.39 (0.44)  0.41 (0.06) 0.21 (0.07) 48.8 (8.02) 79.3 (13.2) 123 (13.2) 
224 39.2 (4.41) 1.42 (0.39) 0.28 (0.11) 0.35 (0.07) 41.3 (4.47)  79.6 (6.77) 122 (6.77) 
269 35.2 (4.23) 2.06 (0.68) 0.50 (0.11) 0.21 (0.13) 37.9 (3.53) 78.0 (7.13) 124 (7.13) 
Mean 44.6 (2.69) 2.35 (0.48) 0.58 (0.17) 0.27 (0.05) 47.8 (2.76) 84.3 (4.63) 118 (4.63) 
a Central: Recovered N = 31.3 + 0.11*Rate – 0.00049*Rate2 (P<0.001 for intercept, P=0.11 for linear coefficient, P<0.05 for quadratic 
coefficient); Southern: Recovered N = 42.8 + 0.11*Rate – 0.00049*Rate2 (P<0.001 for intercept, P=0.11 for linear coefficient, P<0.05 for 
quadratic coefficient). 
b Central: Recovered N = 7.20 – 0.0081*Rate (P<0.001 for intercept, P<0.05 for linear coefficient); Southern: Recovered N = 3.44 – 0.0081*Rate 
(P<0.001 for intercept, P<0.05 for linear coefficient). 
c Central: Recovered N = 6.80 – 0.025*Rate + 0.000075*Rate2 (P<0.001 for intercept, P<0.01 for linear coefficient, P<0.05 for quadratic 
coefficient); Southern: Recovered N = 2.00 – 0.025*Rate + 0.000075*Rate2 (P<0.001 for intercept, P<0.01 for linear coefficient, P<0.05 for 
quadratic coefficient). 
d Central and Southern: Recovered N = 47.5 + 0.075*Rate – 0.00041*Rate2  (P<0.001 for intercept; P=0.25 for linear coefficient, P<0.10 for 
quadratic coefficient).  
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Figure 1. Soil organic C in whole soil, microaggregate-derived silt plus clay (µSilt+Clay), easily 
dispersed silt plus clay (dSilt+Clay), microaggregate-protected particulate organic matter 
(iPOM), and free particulate organic matter (frPOM) for 0-15 cm samples collected in two long-
term N rate experiments at the maize five-leaf growth stage in 2015. Data were averaged across 
the optimum-N and zero-N subplots. Coefficient estimates for regression lines and curves are 
presented in Table S1. Error bars depict ± one SE. 
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Figure 2. Carbon to nitrogen ratio of whole soil and microaggregate-derived silt plus clay 
(µSilt+Clay), easily dispersed silt plus clay (dSilt+Clay), microaggregate-protected particulate 
organic matter (iPOM), and free particulate organic matter (frPOM) for 0-15 cm samples 
collected in two long-term N rate experiments at the maize five-leaf growth stage in 2015. Data 
were averaged across the optimum-N and zero-N subplots. Coefficient estimates for regression 
lines are presented in Table S2. Error bars depict ± one SE. 
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Figure 3. Maize grain yield and aboveground plant N uptake at physiological maturity in the 
zero-N and optimum-N subplots of two long-term N rate experiments. Coefficient estimates for 
regression lines and curves are presented in Table S4. Error bars depict ± one SE. 
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Figure 4. Fertilizer N recovery in maize grain and total aboveground biomass (grain, cob, and 
stover) at physiological maturity in the optimum-N subplots of two long-term N rate 
experiments. Fertilizer N recovery was determined using the uptake of 15N-labeled fertilizer 
(‘direct method’) and by the difference between N uptake in the optimum-N subplot and the 
zero-N subplot (‘difference method’). Coefficient estimates for regression curves are presented 
in Table S5. Error bars depict ± one SE. 
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Figure 5. Fertilizer N recovery in whole soil, microaggregate-derived silt plus clay (µSilt+Clay), 
easily dispersed silt plus clay (dSilt+Clay), microaggregate-protected particulate organic matter 
(iPOM), and free particulate organic matter (frPOM) for 0-15 cm samples collected at the maize 
five-leaf growth stage in the optimum-N subplots of two long-term N rate experiments. 
Coefficient estimates for regression lines and curves are presented in Table S6. Error bars depict 
± one SE. 
 
 
 
 
 
 
 
 
 
 
68 
 
 
Figure 6. Fertilizer N recovery in whole soil, microaggregate-derived silt plus clay (µSilt+Clay), 
easily dispersed silt plus clay (dSilt+Clay), microaggregate-protected particulate organic matter 
(iPOM), and free particulate organic matter (frPOM) for 0-15 cm samples collected at maize 
physiological maturity in the optimum-N subplots of two long-term N rate experiments. 
Coefficient estimates for regression lines and curves are presented in Table S7. Error bars depict 
± one SE. 
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Supporting Information 
Table S1. Regression coefficients for soil organic C in whole soil, microaggregate-derived silt 
plus clay (µSilt+Clay), easily dispersed silt plus clay (dSilt+Clay), microaggregate-protected 
particulate organic matter (iPOM), and free particulate organic matter (frPOM) as a function of 
historical N rate and site. Soil organic C measurements were made on soil collected to 15 cm 
depth at the maize five-leaf growth stage in 2015. Both subplot types (zero-N and optimum-N) 
were included in the regression analysis. Standard errors are shown in parentheses. 
Site Intercept Linear coefficient Quadratic coefficient 
 Whole soil organic C (g C kg soil-1) ~ Historical N rate (kg N ha-1) 
Central 17.1 (0.81)*** b 0.017 (0.0038)*** -0.000037 (0.000014)** 
Southern 20.1 (0.81)*** a 0.017 (0.0038)*** -0.000037 (0.000014)** 
 µSilt+clay (g C kg soil-1) ~ Historical N rate (kg N ha-1) 
Central 10.3 (0.45)*** 0.0041 (0.0012)*** -- 
Southern 10.3 (0.45)*** 0.0041 (0.0012)*** -- 
 dSilt+Clay (g C kg soil-1) ~ Historical N rate (kg N ha-1) 
Central 6.77 (0.23)*** b -- -- 
Southern 8.27 (0.21)*** a -- -- 
 iPOM (g C kg soil-1) ~ Historical N rate (kg N ha-1) 
Central 0.46 (0.060)*** b 0.00068 (0.00022)** -- 
Southern 0.86 (0.057)*** a  0.00068 (0.00022)** -- 
 frPOM (g C kg soil-1) ~ Historical N rate (kg N ha-1) 
Central 0.63 (0.045)*** b 0.0016 (0.00023)* -- 
Southern 0.79 (0.042)*** a 0.0016 (0.00023)* -- 
*** P<0.001, **P<0.01, *P<0.05; different lowercase letters indicate site effect on coefficient 
(P<0.10). 
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Table S2. Regression coefficients for C:N ratio of whole soil, microaggregate-derived silt plus 
clay (µSilt+Clay), easily dispersed silt plus clay (dSilt+Clay), microaggregate-protected 
particulate organic matter (iPOM), and free particulate organic matter (frPOM) as a function of 
historical N rate and site. Soil organic C and N measurements were made on soil collected to 15 
cm depth at the maize five-leaf growth stage. Both subplot types (zero-N and optimum-N) were 
included in the regression analysis. Standard errors are shown in parentheses. 
Site Intercept Linear coefficient 
 Whole soil C:N ~ Historical N rate (kg N ha-1) 
Central 11.6 (0.084)*** b -- 
Southern 11.9 (0.082)*** a -- 
 µSilt+Clay C:N ~ Historical N rate (kg N ha-1) 
Central 11.5 (0.11)*** b -0.00047 (0.00017) ** 
Southern 11.9 (0.11)*** a -0.00047 (0.00017) ** 
 dSilt+Clay C:N ~ Historical N rate (kg N ha-1) 
Central 11.3 (0.10)*** b -0.00052 (0.00022)* 
Southern 11.9 (0.10)*** a -0.00052 (0.00022)* 
 iPOM C:N ~ Historical N rate (kg N ha-1) 
Central 16.0 (0.18)*** a -0.0019 (0.00055)*** 
Southern 15.1 (0.18)*** b -0.0019 (0.00055)*** 
 frPOM C:N ~ Historical N rate (kg N ha-1) 
Central 20.1 (0.18)***  -0.0058 (0.0039)*** 
Southern 20.1 (0.18)*** -0.0058 (0.0035)*** 
*** P<0.001, **P<0.01, *P<0.05; different lowercase letters indicate site effect on coefficient 
(P<0.10). 
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Table S3. Mean soil inorganic N content of the zero-N and optimum-N subplots in the spring and fall of 2015 at two long-term N rate experiments. 
Standard errors are shown in parentheses. Regression coefficients for significant responses of fertilizer N recovery to historical N rate are provided 
in the footnotes.  
 Soil inorganic N content (kg N ha-1) 
 Zero-N Optimum-N 
 Five-leafa Five-leafb Phys. 
maturityc 
Harvestd Harveste Harvest Harvest Harvest 
Historical 
nitrogen rate 
(kg N ha-1) 
0-15 cm 0-15 cm 0-15 cm 0-30 cm 30-60 cm 60-90 cm 90-120 cm 0-120 cm 
 Central (AONR 2000-2014 = 202 kg N ha-1) 
0 12.9 (0.66) 81.3 (5.97) 10.5 (2.01) 35.7 (1.25) 20.9 (2.23) 19.5 (0.81) 16.9 (1.17) 93.0 (2.63) 
67 15.2 (1.39) 76.6 (10.3) 12.5 (2.95) 36.8 (3.22) 18.8 (1.56) 19.8 (0.49) 17.4 (2.00) 92.8 (5.68) 
135 12.7 (1.16) 85.0 (11.0) 12.8 (1.36) 39.6 (2.77) 19.5 (1.66) 20.0 (2.72) 18.1 (0.31) 97.3 (5.38) 
202 15.2 (0.92) 73.3 (10.5) 13.3 (0.78) 46.2 (5.23) 20.6 (0.92) 19.7 (1.27) 18.0 (1.06) 105 (7.67) 
269 17.3 (4.06) 59.8 (6.96) 16.8 (0.97) 44.3 (2.17) 19.7 (1.10) 18.5 (0.85) 18.2 (1.47) 101 (2.57) 
Mean 14.6 (0.90) 75.2 (4.16) 13.2 (0.85) 40.5 (1.59) 19.9 (0.64) 19.5 (0.59) 17.7 (0.54) 97.7 (2.30) 
 Southern (AONR 2000-2014 = 269 kg N ha-1) 
0 24.0 (1.73) 161 (14.9) 9.70 (0.41) 33.0 (1.54) 23.9 (1.87) 25.9 (1.32) 22.4 (1.67) 105 (5.30) 
45 23.1 (0.60) 169 (9.80) 10.3 (0.11) 38.2 (2.51) 22.3 (1.75) 26.4 (1.86) 21.0 (1.73) 108 (6.34) 
90 24.1 (1.53) 146 (13.0) 11.5 (0.89) 39.7 (2.32) 26.4 (2.31) 26.3 (3.06) 27.6 (5.82) 120 (11.9) 
135 25.8 (1.22) 139 (17.3) 10.8 (0.71) 35.4 (5.26) 29.4 (4.87) 26.6 (2.39) 22.2 (1.27) 114 (4.30) 
179 26.4 (1.32) 136 (19.5) 11.5 (0.63) 40.1 (1.50) 24.3 (0.53) 28.7 (1.10) 21.5 (1.43) 115 (2.47) 
224 27.0 (2.48) 150 (10.4) 11.4 (0.60) 41.9 (1.66) 20.6 (1.71) 22.8 (1.40) 20.0 (1.27) 105 (2.59) 
269  33.9 (1.13) 166 (20.7) 11.5 (1.17) 38.9 (1.08) 20.5 (0.67) 25.4 (1.12) 22.2 (1.96) 107 (2.92) 
Mean 26.3 (0.82) 152 (5.70) 11.0 (0.27) 38.2 (1.02) 23.9 (0.98) 26.0 (0.70) 22.4 (0.98) 111 (2.23) 
a Central: 14.2 – 0.026*Rate + 0.00014*Rate2 (P<0.001 for intercept, P=0.17 for linear coefficient; P<0.05 for quadratic coefficient); Southern: 
Inorganic N = 23.5 – 0.0070*Rate + 0.00014*Rate2 (P<0.001 for intercept, P=0.89 for linear coefficient, P<0.05 for quadratic coefficient). 
b Central: non-significant response; Southern: Inorganic N = 170 – 0.40*Rate + 0.0014*Rate2 (P<0.001 for intercept, P<0.05 for linear and 
quadratic coefficients). 
c Central: Inorganic N = 10.5 + 0.020*Rate (P<0.001 for intercept and linear coefficient); Southern: non-significant response. 
d Central and southern: Inorganic N = 35.2 + 0.029*Rate (P<0.001 for intercept; P<0.01 for linear coefficient). 
e Central:  Non-significant response; Southern: Inorganic N = 22.8 + 0.064*Rate – 0.00028*Rate2 (P<0.001 for intercept; P<0.10 for linear 
coefficient; P<0.05 for quadratic coefficient).
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Table S4. Regression coefficients for maize grain yield and N uptake at physiological maturity in 
zero-N and optimum-N subplots as a function of historical N rate and site. Standard errors are 
shown in parentheses. 
Site Intercept Linear coefficient Quadratic coefficient 
 Yield with zero N (Mg ha-1) ~ Historical N rate (kg N ha-1) 
Central 5.78 (0.33)*** a 0.0041 (0.0013)** -- 
Southern 3.54 (0.32)*** b 0.0041 (0.0013)** -- 
 Yield with optimum N (Mg ha-1) ~ Historical N rate (kg N ha-1) 
Central 13.7 (0.68)*** a  -0.011 (0.0065). 0.000045 (0.000023). 
Southern 8.69 (0.67)*** b -0.011 (0.0065). 0.000045 (0.000023). 
 Nitrogen uptake with zero N (kg N ha-1)  ~ Historical N rate (kg N ha-1) 
Central 65.8 (4.02)*** a 0.059 (0.014)*** -- 
Southern 42.1 (3.87)*** b 0.059 (0.014)*** -- 
 Nitrogen uptake with optimum N (kg N ha-1)  ~ Historical N rate (kg N ha-1) 
Central 182 (8.85)*** a -0.20 (0.08)* 0.00086 (0.00030)** 
Southern 100 (8.77)*** b -0.20 (0.08)* 0.00086 (0.00030)** 
*** P<0.001, **P<0.01, *P<0.05, .P<0.10; different lowercase letters indicate site effect on 
coefficient (P<0.10). 
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Table S5. Regression coefficients for crop fertilizer N recovery at physiological maturity in 
optimum-N subplots as function of historical N rate, site, and determination method. Standard 
errors are shown in parentheses. 
Site Method Intercept Linear coefficient Quadratic coefficient 
 Grain fertilizer recovery (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central Direct 66.5 (4.50)*** b -0.12 (0.038)** 0.00039 (0.00013)** 
Central Difference 83.6 (4.50)*** a -0.12 (0.038)** 0.00039 (0.00013)** 
Southern Direct 29.8 (4.40)*** d -0.12 (0.038)** 0.00039 (0.00013)** 
Southern Difference 37.1 (4.40)*** c -0.12 (0.038)** 0.00039 (0.00013)** 
 Aboveground fertilizer recovery (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central Direct 97.3 (6.09)***  b -0.16 (0.052)** 0.00053 (0.00019)** 
Central Difference 110 (6.09)*** a -0.16 (0.052)** 0.00053 (0.00019)** 
Southern Direct 42.2 (6.04)*** d -0.16 (0.052)** 0.00053 (0.00019)** 
Southern Difference 54.5 (6.04)*** c -0.16 (0.052)** 0.00053 (0.00019)** 
*** P<0.001, **P<0.01, *P<0.05; different lowercase letters indicate site effect on coefficient 
(P<0.10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
74 
 
Table S6. Regression coefficients for fertilizer N recovery in whole soil, microaggregate-derived 
silt plus clay (µSilt+Clay), easily dispersed silt plus clay (dSilt+Clay), microaggregate-protected 
particulate organic matter (iPOM), and free particulate organic matter (frPOM) of optimum-N 
subplots at the maize five-leaf stage as a function of historical N rate and site. Fertilizer N 
recovery measurements were made on soil collected to 15 cm depth. Standard errors are shown 
in parentheses. 
Site Intercept Linear coefficient Quadratic coefficient 
 Fertilizer recovery in whole soil (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 53.2 (7.54)*** b -0.018 (0.11) b -0.00017 (0.00038) b  
Southern 107 (7.20)*** a  -0.36 (0.096)*** a 0.0012 (0.00034)*** a  
 Fertilizer recovery in µSilt+Clay (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 6.62 (0.43)*** b -- -- 
Southern 9.02 (0.36)*** a -- -- 
 Fertilizer recovery in dSilt+Clay (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 7.15 (0.57)*** b -0.0071 (0.0028)* -- 
Southern 11.2 (0.53)*** a -0.0071 (0.0028)* -- 
 Fertilizer recovery in iPOM (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 0.37 (0.036)*** b   
Southern 0.71 (0.030)*** a   
 Fertilizer recovery in frPOM (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 1.16 (0.18)*** b 0.0084 (0.0028)** -0.000022 (0.000010)* 
Southern 1.46 (0.17)*** a 0.0084 (0.0028)** -0.000022 (0.000010)* 
*** P<0.001, **P<0.01, *P<0.05; different lowercase letters indicate site effect on coefficient 
(P<0.10). 
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Table S7. Regression coefficients for fertilizer N recovery in whole soil, microaggregate-derived 
silt plus clay (µSilt+Clay), easily dispersed silt plus clay (dSilt+Clay), microaggregate-protected 
particulate organic matter (iPOM), and free particulate organic matter (frPOM) of optimum-N 
subplots at physiological maturity of maize as a function of historical N rate and site. Fertilizer N 
recovery measurements were made on soil collected to 15 cm depth. Standard errors are shown 
in parentheses. 
Site Intercept Linear coefficient Quadratic coefficient 
 Fertilizer recovery in whole soil (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 37.4 (2.87)*** b -0.038 (0.010)*** -- 
Southern 45.7 (2.76)*** a -0.038 (0.010)*** -- 
 Fertilizer recovery in µSilt+Clay (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 9.61 (0.73)*** b -0.0097 (0.0037)* -- 
Southern 13.9 (0.67)*** a -0.0097 (0.0037)* -- 
 Fertilizer recovery in dSilt+Clay (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 10.1 (0.56)*** b -0.0097 (0.0029)** -- 
Southern 13.0 (0.52)*** a -0.0097 (0.0029)** -- 
 Fertilizer recovery in iPOM (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 0.93 (0.20)*** b -- -- 
Southern 2.31 (0.18)*** a -- -- 
 Fertilizer recovery in frPOM (kg N ha-1) ~ Historical N rate (kg N ha-1) 
Central 4.09 (0.51)*** 0.0098 (0.0070) b -0.000048 (0.000024). 
Southern 4.74 (0.48)*** 0.016 (0.0069)* a -0.000048 (0.000024). 
*** P<0.001, **P<0.01, *P<0.05, .P<0.01; different lowercase letters indicate site effect on 
coefficient (P<0.10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
76 
 
 
Figure S1. Soil inorganic N content (0-15 cm) following harvest in fall 2014 in two long-term N 
rate experiments. Error bars depict ± one SE. Curves are quadratic functions fit to the data 
(central: Inorganic N = 12.8 + 0.063*Rate – 0.00013*Rate2; intercept and linear coefficient 
P<0.001, quadratic coefficient P<0.05; southern: Inorganic N = 12.1 + 0.045*Rate – 
0.00013*Rate2; intercept P<0.001, linear coefficient P<0.01, quadratic coefficient P<0.05). 
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Figure S2. Percentage soil surface residue cover at the ten-leaf stage in zero-N subplots at two 
long-term N rate experiments. Curves are quadratic functions fit to the data (central and 
southern: Residue cover = 29.9 + 0.24*Rate – 0.00049*Rate2; intercept and linear coefficient 
P<0.001; quadratic coefficient P<0.05). Error bars depict ± one SE. 
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Figure S3. Monthly cumulative precipitation and mean air temperatures during the 2015 growing 
season at two long-term N rate experiments in Iowa. The ten-year averages for 2005-2014 are 
provided for reference. 
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Figure S4. Monthly cumulative precipitation and mean air temperatures during the 2014 growing 
season at two long-term N rate experiments in Iowa. The ten-year averages for 2005-2014 are 
provided for reference. The agronomic optimum N rate for the central location in 2014 was 250 
kg N ha-1. Grain yield increased up to the highest N rate applied (269 kg N ha-1) at the southern 
location in 2014. Grain yields for the plots receiving maximum N rates were 12.3 Mg ha-1 at the 
central location and 13.3 Mg ha-1 at the southern location in 2014. 
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A large proportion of soil organic C (SOC) is in subsoil, yet few studies have evaluated 
crop rotation effects on SOC below the plow layer. We hypothesized that crop rotations with 
greater belowground C inputs would increase SOC stocks by delivering C to the subsoil, where 
C stocks are substantial but concentrations are low. Using three long-term field trials in Iowa 
(study durations of 60, 35, and 12 years), we examined the effects of crop rotation [maize (Zea 
mays L.)-soybean (Glycine max (L.) Merr)-oat (Avena sativa L.)/alfalfa (Medicago sativa L.)-
alfalfa or maize-maize-oat/alfalfa-alfalfa vs. maize-soybean rotation) on C inputs, SOC content, 
soil biochemical composition, and distribution of SOC among physical fractions at different 
depths throughout the soil profile. Average annual C inputs were similar for both rotations, but 
the proportion of C delivered belowground was 20-35% greater in the 4-yr rotations. The effect 
of crop rotation on SOC content to 90 cm was inconsistent among sites, ranging from -11% to 
+23% in the 4-yr rotation relative to the 2-yr rotation, and crop rotation effects on SOC were 
similar for all depth increments. At the one location where significant SOC gains were measured 
in the 4-yr rotation, lignin residues also made up a greater proportion of total SOC, suggesting 
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that enhanced recalcitrance of root C inputs contributed to greater SOC storage. However, 
microbial biomarkers and the proportions of SOC as free particulate organic matter (POM), 
microaggregate-protected POM, easily-dispersed silt plus clay, and microaggregate-derived silt 
plus clay were not affected by crop rotation. We conclude that adopting crop rotations with 
enhanced belowground C inputs but similar total C inputs has little impact on total SOC content, 
vertical distribution, or mechanisms of SOC storage in soils of the Midwest U.S. 
Introduction 
Soil organic C (SOC) is critical to long-term agricultural productivity because it enhances 
the supply of nutrients and water for crop growth (Weil and Magdoff, 2004). Soil organic C 
stocks represent a dynamic balance of C inputs (e.g., crop residues and manure) and outputs 
(e.g., C mineralization and erosion). Agricultural practices that enhance C inputs to the soil 
and/or reduce C losses typically increase SOC (Huggins et al., 1998; Kong et al., 2005; Paustian 
et al., 1997), generating a positive feedback of higher yields (Williams et al., 2008) and greater 
crop residue returns to the soil.  
Although most studies measure SOC properties only in the surface 30 cm, more plant-
available N and water can be stored in the 30–120 cm increment than in the top 30 cm, making 
subsoil OC an important factor in crop performance (Gass et al., 1971; Taylor and Klepper, 
1973). As both drought and intense precipitation events that drive fertilizer N loss and soil 
erosion become increasingly common (U.S. Global Change Research Program, 2009), increasing 
SOC in surface and subsoils may enhance cropping system resilience by improving water-
holding capacity (Williams et al., 2016), increasing mineralizable N (Spargo et al., 2011), and 
stabilizing topsoil (Weil and Magdoff, 2004). Moreover, the subsoil may be an important sink 
for atmospheric C because OC delivered to the subsoil is transformed into stable SOC more 
efficiently than surface additions (Stewart et al., 2008) and because subsoil OC turns over more 
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slowly than topsoil OC (Lorenz, K., Lal, 2005). Low temperatures, inadequate supplies of 
oxygen, nutrients, and energy, and sparsely distributed microbial biomass contribute to reduced 
rates of organic matter decomposition in subsoils (Rumpel and Kögel-Knabner, 2011).  
Crop rotation is a key factor influencing SOC stocks. In the U.S. Corn Belt, researchers 
have documented stable or declining SOC stocks in maize (Zea mays L.)-soybean [Glycine max 
(L.) Merr] rotations and increasing SOC stocks in optimally-managed continuous maize systems 
(Poffenbarger et al., 2017). Differences in SOC storage between rotations are often attributed to 
differences in the quantity of crop residue inputs (Poffenbarger et al., 2017). However, several 
studies have also demonstrated greater SOC content in diverse forage-based crop rotations 
relative to dominant annual grain rotations even when average annual C inputs are not greater in 
the extended rotations (Gregorich et al., 2001; Russell et al., 2009). Diverse crop rotations that 
include deep-rooted perennial species may achieve higher C storage efficiency by delivering a 
greater proportion of organic matter as root inputs to the subsoil, where SOC turns over more 
slowly. Three mechanisms of stabilization have been identified in soils: 1) intrinsic biochemical 
recalcitrance, 2) physical protection against microbial attack, and 3) inhibition of microbial 
degradation by interaction of SOC with soil minerals (von Lützow et al., 2006). Root C is 
thought to be stabilized more efficiently than shoot C due to the greater recalcitrance of roots and 
their close association with mineral particles and aggregates, leading to physico-chemical 
protection (Gale and Cambardella, 2000; Rasse et al., 2005). Indeed, Gregorich et al. (2001) 
found that cropping with alfalfa (Medicago sativa L.) and oats (Avena sativa L.) resulted in 
greater belowground C inputs and increased SOC storage than monoculture maize and that SOC 
differences were particularly pronounced in the subsoil. 
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  The purpose of this study was to elucidate mechanisms of SOC storage in diverse forage-
based crop rotations as compared to simple annual grain crop rotations. We hypothesized that: 1) 
SOC would be greater in diverse rotations and that crop rotation effects on SOC would be most 
pronounced below 30 cm, 2) greater belowground inputs in the diverse rotation would result in 
enrichment of plant-derived and recalcitrant SOC in the subsoil, and 3) greater belowground 
inputs in the diverse rotation would result in a greater contribution of microaggregate-occluded 
SOC in the subsoil.  
Materials and Methods 
Site Descriptions 
We conducted soil sampling at three experimental sites: Kanawha, which was established 
in 1954 in northern Iowa (42⁰94’ N, 93⁰17’W), Nashua, which was established in 1979 in 
northeast Iowa (42⁰95’ N, 92⁰54’ W), and Marsden, which was established in 2002 in central 
Iowa (42⁰01’ N, 93⁰47’ W), USA. All three experiments are situated on Iowa State University 
Research and Demonstration Farms and include a two-year maize-soybean rotation (2-yr) and a 
four-year maize-maize-oats/alfalfa-alfalfa or maize-soybean-oats/alfalfa-alfalfa (4-yr) rotation. 
The experiments differ not only in composition of the 4-yr rotation, but also in tillage practices, 
manure use, and maize N fertilizer rates (Table 1). Maize, soybean, and oats are harvested for 
grain at all three locations and oat straw is also harvested at Marsden. Alfalfa hay is harvested in 
one cutting during the establishment year (Marsden only) and three or four cuttings the year after 
establishment (all locations). Mean annual precipitation is 818, 884, and 864 mm (1985-2014) 
and mean annual temperature is 8.03, 8.37, and 9.28⁰C for Kanawha, Nashua, and Marsden, 
respectively (Iowa State University, 2017). Soils at Kanawha are classified as Typic Endoaquolls 
(Webster series), soils at Nashua are predominantly Typic Hapludolls (Kenyon series), with a 
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smaller area Aquic Hapludolls (Readlyn series), and soils at Marsden Farm include Typic 
Hapludolls (Clarion series), Aquic Hapludolls (Nicollet series), and Typic Endoaqolls (Webster 
series). Elevation ranges from 362.9 to 363.8 m Kanawha, 326.1 to 328.3 m at Nashua, and 
332.8 to 336.3 m Marsden. At all sites, the cropping systems are rain-fed and tile-drained 
(patterned tile at Kanawha and Nashua, inconsistently-spaced tile at Marsden). 
The experimental design is a randomized complete block with two (Kanawha), three 
(Nashua), or four (Marsden) replicate blocks. All phases of each rotation are represented in all 
years. At Kanawha and Nashua, all phases of each rotation within each block are subdivided to 
accommodate four N fertilization treatments applied to maize, but we sampled only the 180 kg N 
ha-1 treatment. This N rate treatment has been in place since experimental establishment at 
Nashua and since 1984 at Kanawha (between 1954 and 1984, this treatment received 136 kg N 
ha-1 to maize). At Marsden, all phases of each rotation within each block are subdivided to 
accommodate two weed management treatments (conventional and low-herbicide) applied to 
maize and soybean, but we sampled only the conventional herbicide regime. The weed 
management treatments were in place since 2008 (between 2002 and 2008, the 2-yr rotation 
received only conventional weed management and the 4-yr rotation received only low-herbicide 
weed management). The experimental units measure 6.1 x 12.1 m at Kanawha, 4.6 x 15.2 m at 
Nashua, and 9 x 85 m at Marsden. Additional information about cropping systems, soil 
management, N fertilization, crop yields and site characteristics have been published previously 
(Hunt et al., 2017; Liebman et al., 2008; Mallarino et al., 2016a, 2016b; Robinson et al., 1996; 
Russell et al., 2005). 
Carbon Inputs 
Average annual C inputs to soil in the 2-yr and 4-yr rotations were estimated for each 
year from 2003 to 2014 using average yield data for each crop within each rotation at the three 
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locations (Appendix 1). We used the allometric equations described by Bolinder et al. (2007) to 
transform yield data into above- and below-ground C inputs, and root distribution patterns from 
(Fan et al., 2016) to estimate belowground C inputs above and below 30 cm depth. The C 
allocation coefficients and equations used to calculate C inputs are presented in Appendix 2. 
Rates of manure application and manure C concentrations from Marsden Farm records for 2003-
2014 were used to determine manure C inputs to the Marsden 4-yr rotation.  
Soil Sampling and Characterization 
Six 4-cm diameter cores were taken in each plot to a depth of 90 cm using a hydraulic 
soil probe following maize harvest and before tillage in October of 2014. For the cropping 
systems that include two maize phases (4-yr rotations at Kanawha and Nashua), we sampled 
during the first maize phase. The cores were split into 0-15, 15-30, 30-60, and 60-90 cm depth 
increments, and the segments from the six cores within each plot were composited to form four 
samples per plot. The samples were weighed and a subsample was dried at 105⁰C for moisture 
content determination. Each sample was passed through an 8-mm sieve and allowed to dry at 
room temperature. A portion of each air-dried sample was finely ground for determination of soil 
pH in water (1:1 v/v), sand content according to Kettler et al. (2001) and C and N concentrations 
by dry combustion analysis (Vario Max CN analyzer, Elementar Americas, Mt. Laurel, NJ). 
Carbonates were removed prior to dry combustion analysis by the acid fumigation method 
(Harris et al. 2001). 
Estimation of Soil Organic C Stocks by Equivalent Soil Mass 
Soil organic C stocks were calculated as the product of the concentration and the mass for 
each depth increment, scaled to units of mass C per area using the core diameter. We plotted 
cumulative SOC content against cumulative soil mass for each rotation at each location and fitted 
cubic spline functions to the relationships. The cubic spline functions were used to estimate the 
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cumulative SOC content at cumulative soil masses corresponding to those obtained for the 0-15, 
15-30, 30-60, and 60-90 cm depth increments collected in the 2-yr rotation for each location 
(Wendt and Hauser, 2013). Thus, for each location, the SOC stock of the 4-yr rotation was scaled 
to the same mass of soil sampled in the 2-yr rotation. 
Soil Biochemical Analyses 
We characterized the biochemical composition of soil organic matter by measuring 
concentrations of carbohydrates and phenols. Carbohydrates are relatively labile organic 
compounds found in both plant litter and microbial biomass, whereas phenols are relatively 
recalcitrant compounds found primarily in plant tissues (Kögel-Knabner 2002). 
Carbohydrates were extracted from air-dried and finely ground soil samples in duplicate 
using a two-step digestion (Martens and Loeffelmann, 2002). First, hemicellulose sugars 
(arabinose, galactose, glucose, and xylose) were extracted by treating 100 mg of each soil sample 
with 800 µl 6 M H2SO4 for 30 minutes in test tubes (16 x 100 mm) and diluted with 4.0 mL 
deionized (DI) water before autoclave digestion for 30 minutes at 121⁰ C. The samples were then 
washed with two aliquots of 1 mL DI water, centrifuged, and the three supernatants combined 
and adjusted to pH 5.5-6.5 using NaOH. The extracted and washed samples were dried overnight 
at 60⁰ C, treated with 300 µL 18 M H2SO4 for 30 minutes, diluted with 3.3 mL DI water, and 
autoclaved for 30 minutes at 121⁰ C to release cellulose. The samples were washed with two 
aliquots of 1 mL DI water, and the supernatants combined and adjusted to pH 5.5-6.5 using 
NaOH. The extracts were filtered using a 0.2 µm syringe filter and stored frozen prior to 
analysis. The extracts were analyzed using high-performance anion exchange chromatography 
with pulsed amperometric detection (Olk, 2008). We used the ratio of galactose plus mannose to 
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arabinose plus xylose (GM/AX) to represent the relative abundance of microbial to plant 
carbohydrates (Oades 1984). 
We measured concentrations of phenolic compounds released upon cupric oxide 
oxidation to quantify the lignin residue content of each soil sample (Hedges and Mann, 1979). 
Depending on the C content of the soil, 200-500 mg of sample was placed in pressure bombs 
together with NaOH and CuO. The bombs were purged with Ar gas, sealed, and heated for 3 
hours at 150⁰ C. The phenols were extracted by repeated ether washes and centrifugations, then 
filtered and derivatized using bis(trimethylsilyl)trifluoroacetamide. Ethyl vanillin was added to 
each sample as an internal standard prior to extraction. Gas chromatography flame ionization 
detection was used to assess concentrations of cinnamic acids (ferulic acid and p-
hydroxycoumaric acid), as well as aldehyde, ketone and acid forms of syringyl and vanillyl. We 
took the sum of these compounds divided by the whole SOC concentration to represent the 
contribution of lignin residues to SOC (lignin-VSC/OC). We also used the mass ratios of acid to 
aldehyde forms of vanillyl and syringyl units to determine the degree of microbial alteration of 
lignin residues (Ad/Alv and Ad/Als, respectively). A higher Ad/Al suggests a greater extent of 
degradation (Ertel and Hedges, 1985).  
Soil Physical Fractionation 
We isolated five physical soil organic matter fractions representing different degrees of 
physicochemical stabilization: coarse unprotected particulate organic matter (cPOM), fine 
unprotected POM (fPOM), microaggregate-protected POM (iPOM), easily dispersed silt plus 
clay (dSilt+Clay), and microaggregate-derived silt plus clay (µSilt+Clay). Particulate organic 
matter comprises primarily partially decomposed plant litter, and is positively associated with 
microbial growth, nutrient cycling, and soil aggregation due to its high energy value (Wander, 
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2004). Particulate organic matter that is occluded within microaggregates (iPOM) is physically 
protected from decomposition, and thus turns over more slowly (half-life of a few years to 
decades) than unprotected POM outside microaggregates (cPOM and fPOM; half-life of days to 
a few years). Organic matter that is adsorbed on mineral surfaces (dSilt+Clay) is chemically 
protected and may also be physically protected from decomposition when contained within 
microaggregates (µSilt+Clay). Mineral-associated organic matter is positively associated with 
soil aggregation and chemical sorption and has a half-life of decades to centuries (Wander, 
2004). 
The first step in the fractionation procedure was to separate three size fractions by partial 
dispersion using the microaggregate isolator described by (Six et al., 2000). Approximately 10 g 
of 8-mm sieved, air-dried soil from each sample were soaked in 50 mL of DI water overnight, 
then poured onto a 250-µm screen inside a cylinder and reciprocally shaken with 50 metal beads 
under continuously flowing DI water for eight minutes. Coarse unprotected POM and sand were 
collected on the 250-µm sieve, while a 53-µm sieve below the 250-µm sieve isolated 
microaggregates, sand, and fPOM. Easily dispersed silt plus clay was collected in a container 
below the 53-µm sieve. Following eight minutes of shaking, macroaggregates remaining on the 
250-µm sieve were broken up using a metal spatula and their constituents were rinsed through 
the stacked sieves using a DI wash bottle. The 53-250 µm fraction (microaggregates, sand, and 
fPOM) was wet-sieved by moving the 53-µm sieve up and down in the basin of silt and clay 
water. The suspension of silt and clay was centrifuged to facilitate the removal of water. The 
fractions were oven-dried (105⁰ C) and weighed. 
The second step was a further fractionation of the 53-250 µm fraction isolated in the first 
step. Fine unprotected POM was separated from the microaggregates and sand by density 
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flotation using 1.85 g cm-3 sodium polytungstate (Six et al., 2000). The heavy fraction was then 
dispersed by shaking in 0.5% sodium hexametaphosphate with ten glass beads for 18 hours and 
passed through a 53-µm sieve to separate the iPOM from the µSilt+Clay. The fractions isolated 
in the second step were also dried at 105⁰ C and weighed.  
The cPOM, fPOM, iPOM, dSilt+Clay, and µSilt+Clay fractions were ground using a 
mortar and pestle and analyzed for total C concentration using dry combustion elemental 
analysis (Vario Max CN analyzer, Elementar Americas, Mt. Laurel, NJ). The C concentration of 
each fraction was multiplied by the proportion of each fraction to total soil mass and divided by 
the sum of C in all fractions to determine the C content of each fraction per unit of total SOC 
(e.g., frPOM-C/OC). When presenting SOC content of individual fractions, we combined cPOM 
and fPOM into a single ‘free POM’ (frPOM) fraction.  
The proportion of each fraction by mass, C concentration of each fraction, and mass and 
C recoveries are presented in Appendices 3-5. Mass recovery (i.e., sum of all fraction masses 
divided by whole sample mass) ranged from 96 to 111% among the depth x rotation treatments, 
but C recovery (i.e., sum of all fraction C divided by whole sample C) ranged from 97 to 134%, 
with highest recoveries in the 60-90 cm depth increment. The high C recovery could not be 
explained by erroneously high fraction weights because recovery by mass was generally close to 
100%. The high C recovery could also not be explained by erroneously high POM-C because the 
POM fractions were too small to account for the quantity of excess C. We calculated the C 
concentrations for each silt plus clay fraction that would be required to bring C recovery to 100% 
(Appendix 5). We considered it most likely that measured C concentrations of the µSilt+Clay 
were erroneously high because calculated C concentrations were closer to measured C 
concentrations for this fraction than for the dSilt+Clay. It is possible that the dispersion of 
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microaggregates during fractionation improved the efficiency of combustion, resulting in higher 
measured C concentrations for this fraction than would be expected based on whole soil C 
concentrations. We calculated the percentage of SOC in the different physical fractions using the 
modified C concentrations for µSilt+Clay and found that the percentages of total SOC in various 
fractions shifted slightly, but treatment effects showed similar trends as the original data 
(Appendix 6). 
Statistical Analyses 
We used analysis of variance (ANOVA) to evaluate the effect of crop rotation on average 
annual C inputs for each location separately; year was included as a random effect (Pinheiro et 
al., 2014). We also tested the effects of crop rotation, depth (as a categorical variable), and their 
interactions on SOC content, percentage of total SOC in physical fractions, and biochemical 
compound enrichment for each location separately; block was included as a random effect in 
these models. At some locations, rotation treatments were confounded with variation in soil 
properties (Table 2). Therefore, we included pH, sand percentage, and elevation as covariates in 
the statistical models used to analyze soil parameters when the covariates had a P value less than 
0.10. The lsmeans function in R was used to calculate means and standard errors and to perform 
pairwise comparisons when the ANOVA indicated significant effects (Lenth, 2014). Principal 
component analysis was performed using the function prcomp (R Core Team, 2017) using depth, 
SOC concentration, and the remaining soil properties measured in this study.  
Results 
Average Annual C Inputs and Soil Organic C Content 
Crop rotation had minimal effect on estimated total C inputs at the three long-term 
cropping systems experiments (Table 3). Total C inputs were 3% greater in the 4-yr rotation than 
the 2-yr rotation at Kanawha, and 8% greater in the 2-yr rotation than the 4-yr rotation at 
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Marsden. Carbon inputs were practically identical between crop rotations at Nashua. Although 
total C inputs were similar between rotations, the 4-yr rotations delivered more C belowground, 
with 1.4-1.5x as much C delivered below 30 cm in the 4-yr than in the 2-yr rotation. The 
proportion of total C allocated belowground averaged 0.47 in the 4-yr rotations and 0.36 in the 2-
yr rotations (Table 3).  
Soil organic C content was significantly greater in the 4-yr than the 2-yr rotation for all 
depth increments at Kanawha (P<0.05) and tended to be greater for all depth increments at 
Nashua (P=0.10; Figure 1). There was no effect of crop rotation on SOC content at Marsden for 
any depth increment (P=0.30). At both Nashua and Marsden, plot elevation was a more 
important factor affecting SOC than crop rotation (Table 4). Although SOC content decreased 
with depth in the soil, the subsoils were a large reservoir of SOC, with ~40% of the total SOC 
stocks found between 30 and 90 cm.  
Soil C/N Ratio and Biochemical Composition 
Soil C/N ratio decreased with depth at Nashua, but there was a significant rotation x 
depth interaction, where C/N ratio tended to be greater in the 2-yr rotation than the 4-yr rotation 
in the topsoil but lower in the 2-yr rotation than the 4-yr rotation in the subsoil (Figure 2). At 
Kanawha and Marsden, the C/N ratios were greater than at Nashua (11.3 at Kanawha and 10.7 at 
Marsden vs 8.78 at Nashua), and did not change with depth or crop rotation. At Kanawha, soil 
pH and sand content were key factors explaining variation in soil C/N ratio (Table 4). 
The ratio of microbial- to plant-derived carbohydrates (GM/AX) increased with depth, 
with the most striking response to depth at Nashua (Figure 3). The ratio tended to be greater in 
the 4-yr rotation than the 2-yr rotation at Kanawha (P=0.09), but there was no effect of crop 
rotation at the other two locations. pH and sand content were important factors affecting this 
ratio at Kanawha (Table 4).  
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The percentage of total SOC as lignin residue was significantly greater in the 4-yr 
rotation than the 2-yr rotation for the 0-15 cm increment (P<0.05), and tended to be greater in the 
4-yr rotation for all depth increments at Kanawha (Figure 4). Subsoils were less enriched in 
lignin than topsoils, with pronounced decreases between 0-15 and 15-30 cm at Nashua and 
between 15-30 and 30-60 cm at Kanawha. At Marsden, there was a significant rotation x depth 
interaction, where the decrease in lignin enrichment was more pronounced between the 0-15 and 
15-30 cm increments in the 2-yr rotation than in the 4-yr rotation (Figure 4).  
The acid to aldehyde ratio of vanillyl showed a different response to soil depth and crop 
rotation depending on the location (Figure 5). For all locations, Ad/Alv was lowest in the 0-15 
cm depth. At Kanawha and Marsden, the highest Ad/Alv was observed in the 30-60 cm depth 
increment, while at Nashua the ratio increased linearly to the deepest depth. At Nashua and 
Marsden, the Ad/Alv was significantly higher in the 2-yr rotation than the 4-yr rotation, but only 
at certain depths: 60-90 cm at Nashua and 15-30 cm at Kanawha. The acid to aldehyde ratio of 
syringyl showed a similar response to depth and crop rotation at Kanawha as Ad/Alv. However, 
at Nashua, the highest Ad/Als was observed at the 15-30 cm depth increment and the lowest 
Ad/Als were observed at both the shallowest and deepest layers. In contrast, the Ad/Als was 
relatively low to 60 cm depth and increased significantly in the deepest layer at Marsden. There 
were no effects of crop rotation on Ad/Als. Sand content significantly affected both Ad/Al ratios 
at Kanawha, while pH was an important explanatory variable at Marsden (Table 4). 
Distribution of Soil Organic C in Physical Fractions 
The majority (~62%) of SOC was found in the µSilt+Clay at all three locations (Table 5). 
Among the four depths sampled, the 15-30 cm increment was consistently the most enriched in 
this fraction, while the 60-90 cm depth increment was least enriched. Most of the remaining SOC 
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(~35%) was recovered from the dSilt+Clay, and the percentage of SOC as dSilt+Clay-C tended 
to increase with depth. Particulate organic matter outside of microaggregates made up between 
~1 and 5% of the total SOC and changed with depth only at Nashua, where the 0-15 cm depth 
was more enriched in frPOM than the deeper soil layers. The microaggregate-occluded POM 
made up between ~0.01 and 0.04% of total SOC and was generally most enriched in the 60-90 
cm depth increment (Table 5). Rotation did not affect the distribution of SOC among physical 
fractions at any location. Sand content and elevation were significant variables explaining the 
percentage of SOC recovered within the different physical fractions at Kanawha and Marsden; 
pH was also a significant covariate for Marsden (Table 4). 
Multivariate Analysis of Soil Properties 
Principal component analysis was used to understand relationships among the measured 
soil properties. The first three components explained 74-83% of variance in the data sets, which 
included depth along with the soil properties measured in this study. The variables that 
contributed to the first principal component (PC) for all three locations included depth and 
iPOM-C/OC in the positive direction, and SOC concentration in the negative direction (Table 6). 
GM/AX was also a contributing variable in the positive direction for the first PC at Kanawha and 
Nashua. Each location also had unique variables that contributed to the first PC: the Ad/Als in the 
positive direction at Kanawha; dSilt+Clay-C/OC and frPOM/OC in the positive direction at 
Nashua; and µSilt+Clay-C/OC in the negative direction and dSilt+Clay-C/OC in the positive 
direction at Marsden. The second PC was driven by different variables depending on location. At 
Kanawha, sand, µSilt+Clay-C/OC, and frPOM-C/OC were key variables in the positive direction 
and dSilt+Clay contributed in the negative direction. At Nashua, lignin-VSC/OC and frPOM-
C/OC contributed in the positive direction, and dSilt+Clay-C/OC along with the Ad/Al ratios 
97 
 
contributed in the negative direction. At Marsden, elevation and µSilt+Clay-C/OC contributed in 
the positive direction and sand content contributed in the negative direction for the second PC. 
Elevation was the main contributing variable to the third PC at both Kanawha and Nashua; at 
Kanawha C/N ratio also contributed in the opposite direction. The third PC at Marsden was 
explained mainly by lignin-VSC/OC and the Ad/Alv, which contributed in opposite directions.  
The coefficients of variables and PC scores of each observation are displayed on the first 
two PCs in Figure 6. The plots demonstrate a clear separation by depth along the first PC, with 0-
30 cm samples clustered on the left and 30-90 cm samples clustered on the right side of the plots. 
The plots also demonstrate positive associations between SOC concentration, lignin-VSC/OC, 
and µSilt+Clay-C/OC which were consistently higher in the shallow soil depths. In contrast, 
greater soil depth was associated with greater Ad/Al, iPOM-C/OC, GM/AX, and dSilt+Clay-
C/OC.  
Discussion 
Crop Rotation Effects on Soil Organic C Stocks and Storage Mechanisms 
The purpose of this study was to investigate mechanisms of SOC storage in diverse 
forage-based crop rotations as compared to simple annual grain crop rotations. Our first 
hypothesis was that SOC would be greater in diverse crop rotations, particularly below 30 cm 
depth, due to greater belowground C inputs. Average annual belowground C inputs were greater 
in the 4-yr rotation despite similar total average annual C inputs between the 2-yr and 4-yr 
rotations. Soil organic C stocks to 90 cm depth were significantly greater (23%) in the 4-yr 
rotation than the 2-yr rotation at Kanawha, the one location where average annual C inputs were 
slightly higher in the 4-yr rotation than the 2-yr rotation. Soil organic C stocks were slightly 
greater (6%) in the 4-yr rotation than the 2-yr rotation at Nashua, but not affected by crop 
rotation at Marsden. The impact of crop rotation on SOC content extended to 90 cm depth at 
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Kanawha and Nashua, but we did not detect a more pronounced effect of crop rotation in the 
subsoil than the topsoil. The findings at Kanawha and Nashua are consistent with previous 
measurements of SOC stocks at these locations, which showed trends toward greater SOC in the 
4-yr rotations than the 2-yr rotations, with similar rotation effects in topsoil and subsoil layers 
(Russell et al., 2005). The 17-44% increase in subsoil OC due to the diverse rotation at Kanawha 
was similar to the 27-35% increase in subsoil OC reported for a similar cropping systems 
comparison in Uruguay (Gentile et al., 2005). The lack of a rotation effect on SOC stocks at 
Marsden aligns with results of (Bell et al., 2012) for similar-duration experiments comparing 
forage-based rotations to annual grain rotations in Manitoba, Canada. 
We investigated the biochemical composition of soil organic matter by crop rotation and 
depth to determine whether greater belowground C inputs in 4-yr rotations would result in the 
accumulation of plant-derived C in subsoil layers. The ratio of galactose plus mannose to 
arabinose plus xylose was used as an indicator for the abundance of microbial- to plant-derived 
C compounds. This ratio was not affected by crop rotation, suggesting that the greater delivery of 
root C in the 4-yr rotation was accompanied by a proportional increase in microbial processing. 
Since plant litter has a higher C/N ratio than microbial residues, the lack of a crop rotation effect 
on soil C/N ratio supports the idea that greater belowground inputs did not lead to a significant 
enrichment of plant-derived C in the subsoil.  
The lignin-VSC/OC results provided evidence that greater belowground C inputs may 
have enhanced SOC stocks by increasing biochemical recalcitrance of SOC. At the one location 
that exhibited a significant crop rotation effect on SOC content (Kanawha), we also observed 
greater enrichment of lignin residue. Moreover, we found lower Ad/Alv below 15 cm at both 
Nashua and Marsden. A lower Ad/Al suggests that the lignin was less decomposed, possibly due 
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to more frequent inputs of fresh lignin at depth in the 4-yr rotations. These results are consistent 
with (Gregorich et al., 2001), who demonstrated greater aromatic C content in subsoil under 
maize-oat-alfalfa-alfalfa rotations than under monoculture maize, presumably due to greater 
inputs of lignin by alfalfa. We did not observe a crop rotation effect on the Ad/Als, possibly 
because syringyl units decompose faster than vanillyl units (Marschner et al., 2008), causing the 
effect of the previous alfalfa phases to be diminished by the time of sample collection. 
Finally, we studied the effect of crop rotation on proportions of SOC in physical fractions 
to determine whether greater belowground C inputs in 4-yr rotations would result in greater 
microaggregate-protected SOC in the subsoil. There were no statistically significant effects of 
crop rotation on the percentage of SOC occluded within microaggregates, nor on the percentage 
recovered in dSilt+Clay or frPOM at any depth. We observed a trend toward greater contribution 
of the frPOM fraction to total SOC in the 4-yr rotation than the 2-yr rotation at Kanawha. 
Particulate organic matter is mainly composed of partially decomposed plant material, and so the 
concurrent enrichment of frPOM-C and lignin residue at Kanawha indicates that the greater 
belowground C inputs in the 4-yr rotation did enhance plant-derived SOC to some extent. 
However, the enrichment of these fractions did not lead to changes in GM/AX or the soil C/N 
ratio, probably because both POM and lignin residues make up a small proportion of total SOC.   
Depth Effects on Soil Organic C Storage Mechanisms 
Less than 10% of C inputs were delivered deeper than 30 cm, yet the subsoil contained 
40% of total SOC stocks across all crop rotations and locations, indicating that subsoil OC is less 
susceptible to decomposition than topsoil OC. The results of our study suggest that SOC is 
stabilized at depth mainly through mineral association of microbially-processed C. The vast 
majority of SOC was recovered in the mineral-associated fractions in both subsoils and topsoils, 
but the increasing GM/AX and decreasing C/N ratio with greater depth suggest greater 
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enrichment of microbial compounds in the subsoil than in the topsoil. The effect of depth on 
these variables was most pronounced at Nashua, the location with the greatest C inputs and 
lowest SOC stocks, and thus the location with fastest rate of C turnover (Russell et al., 2009). 
The soil C/N ratios observed below 30 cm at Nashua were within the range of C/N ratios 
typically observed for microbial biomass (Khan et al., 2016). The greater enrichment of 
microbial C with depth at Kanawha, Nashua, and Marsden is consistent with other reports of 
decreasing C/N ratio and increasing microbial-derived amino sugars in subsoil horizons (Rumpel 
and Kögel-Knabner, 2011). Subsoil OC comprises both recent root C inputs as well as old, 
recycled SOC transported from surface layers that becomes increasingly microbially-processed 
as it moves deeper into the soil (Kramer and Gleixner, 2008). This microbially-processed SOC 
interacts with the mineral soil matrix to form stable SOC (Kögel-Knabner et al., 2008). 
At Kanawha, Nashua, and Marsden, the vast majority of SOC was associated with 
mineral particles at all soil depths, but the µSilt+Clay became less important relative to 
dSilt+Clay in the subsoil layers. The decline in the µSilt+Clay-C/OC with greater depth is not 
surprising because both organic binding agents and the biological activities that contribute to 
aggregate formation, such as earthworm, root, and fungal growth (Barois et al., 1993; Jarvis et 
al., 1982; Shipitalo and Protz, 1988), typically decline with greater depth. Moni et al. found that 
occlusion of SOC in microaggregates is an important stabilization mechanism in both topsoils 
and subsoils, and may be increasingly important with depth in some soils (Moni et al., 2010). 
However, our results are not directly comparable to the results of this study because Moni et al. 
isolated SOC occluded in silt-sized aggregates (<50 µm) and SOC sorbed to clay-sized particles, 
two fractions that were not separated in our physical fractionation. We were somewhat surprised 
to find that the µSilt+Clay contained a greater percentage of SOC at 15-30 cm depth increment 
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than in the surface soil. In surface soils, microaggregates form within stable macroaggregates as 
organic fragments inside the macroaggregate degrade, producing agents that bind soil particles 
(Six et al., 2000) The µSilt+Clay-C/OC may be greater in the second depth due to less intensive 
disturbance from tillage and/or freeze/thaw, processes that inhibit the formation of 
microaggregates within macroaggregates (Denef et al., 2001; Six et al., 2000). 
Our results suggest that microaggregate protection of POM plays a more important role 
in SOC stabilization in subsoils than in topsoils, even as µSilt+Clay declines with depth. 
Analysis of variance revealed that much of the variation in the iPOM-C/OC was due to sand 
content at Kanawha and Nashua, which increased with depth. However, the increase in iPOM-
C/OC with depth was observed even when accounting for sand content in the statistical model. 
Microaggregate-occluded POM may preferentially accumulate in subsoil because roots are a 
major source of subsoil POM, and contribute more to the formation of stable aggregates than do 
shoots (Gale et al., 2000).  
We found that the frPOM-C/OC was relatively constant with depth. Thus, although the 
soil tended to become more microbially-enriched overall, the plant-rich POM fractions 
maintained constant or increasing proportions with greater depth. In addition to the physical 
protection provided by microaggregates, the POM-C may be preserved at depth due to physical 
separation from microbes and/or conditions that are less conducive to microbial decomposition 
(Chabbi et al., 2009; Salome et al., 2010). Although the relationships between Ad/Al and depth 
were inconsistent among locations and structural units, we did find that lignin in the deepest 
layer was often less decomposed than in other layers, suggesting that plant-derived C may be 
preserved deep in the subsoil. Baumann et al. also found depth-specific differences in lignin 
degradation characteristics, with root-derived lignin being less decomposed at 60 and 90 cm 
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depth than at 30 cm depth three years after C additions. Because soil temperature and moisture 
conditions were similar in all three layers, the authors attributed the variation in degradation 
intensity to differences in microbial community composition by depth (Baumann et al., 2013) 
Conclusion 
Our study revealed that forage-based crop rotations deliver more C inputs belowground 
and have the potential to increase SOC in topsoils and subsoils over the long-term. We compared 
biochemical composition and physical organic matter fractions in the two rotations at three long-
term experiments to understand how SOC storage mechanisms differ by rotation. Both rotations 
had similar enrichment of plant-derived C and allocation of SOC among physical fractions. We 
found evidence for enhanced biochemical recalcitrance of SOC in the 4-yr rotation relative to the 
2-yr rotation. However, the biochemical composition and allocation of SOC among physical 
fractions were usually impacted more by pH, sand content, and elevation, than by crop rotation. 
Moreover, the only significant impacts of crop rotation on SOC content or composition were 
observed at the location where the 4-yr rotation had slightly greater average annual C inputs than 
the 2-yr rotation. We conclude that adopting crop rotations with enhanced belowground C inputs 
but similar total C inputs has little impact on total SOC content, vertical distribution, or 
biochemical composition in mollisols of the Midwest U.S. 
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Tables and Figures 
Table 1. Cropping system management at three long-term cropping system experiments in Iowa, USA. 
 2-yr  4-yr 
Site (est’d) Rotationa Maize N rate 
(kg ha-1) 
Primary tillage 
after maizeb 
Rotation1 Maize N rate 
(kg ha-1) 
Primary tillage after 
maize/after alfalfac 
Kanawha (1954) M-S 180 M M-M-O/A-A 180 M/M 
Marsden (2002) M-S 150 C   M-S-O/A-A 100-2003 C/M 
Nashua (1979) M-S 180 C   M-M-O/A-A 180 C/C 
a M = maize, S = soybean, O = oats. A = alfalfa. Oats were undersown with alfalfa. 
b C = chisel plow, M = moldboard plow. Secondary spring tillage occurred before every crop except alfalfa.  
c Applied as combination of manure compost (~120 kg total N ha-1) and fertilizer N. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
1
0
4
 
Table 2. Selected soil properties of 2-yr and 4-yr rotations at three long-term cropping systems experiments in Iowa, USA. Standard 
errors are shown in parentheses. 
 Sand content (g 100 g-1 soil) pH (1:1 H2O) Bulk density (g cm
-3) 
 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 
Depth (cm) Kanawha 
0-15 27.5 (9.70) 26.7 (10.4) 6.04 (0.47)  3.76 (0.56)  1.05 (0.03) 0.99 (0.04) 
15-30 25.8 (9.70) 25.5 (10.4) 5.48 (0.47)  4.31 (0.56)  1.13 (0.03) 1.10 (0.04) 
30-60 28.4 (9.70) 23.6 (10.4)  5.78 (0.47)  5.45 (0.56)  1.20 (0.03) 1.17 (0.04) 
60-90 39.5 (9.70) 25.8 (10.4) 5.94 (0.47)  5.77 (0.56)  1.38 (0.03) 1.27 (0.04) 
 Nashua 
0-15 31.2 (1.67) 30.0 (1.67) 4.72 (0.51) 4.41 (0.51) 1.22 (0.06) 1.21 (0.06) 
15-30 29.1 (1.67) 28.3 (1.67) 5.43 (0.51)  5.00 (0.51) 1.38 (0.06) 1.29 (0.06) 
30-60 42.7 (1.67) 40.2 (1.67)  4.17 (0.51) 4.74 (0.51) 1.37 (0.06) 1.37 (0.06) 
60-90 44.5 (1.67) 45.6 (1.67) 4.56 (0.51) 3.80 (0.51) 1.52 (0.06) 1.50 (0.06) 
 Marsden 
0-15 32.8 (4.82) 35.4 (4.82) 5.90 (0.38) 6.14 (0.38) 1.16 (0.04) 1.13 (0.04) 
15-30 30.1 (4.82) 35.5 (4.82) 6.06 (0.38) 6.05 (0.38) 1.25 (0.04)  1.18 (0.04) 
30-60 33.8 (4.82) 37.5 (4.82) 6.30 (0.38) 6.20 (0.38) 1.36 (0.04) 1.37 (0.04) 
60-90 38.4 (4.82) 45.4 (4.82) 6.73 (0.38) 6.85 (0.38) 1.55 (0.04) 1.64 (0.04) 
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Table 3. Estimated average annual C inputs (2003-2014) for 2-yr and 4-yr crop rotations at three long-term cropping systems 
experiments in Iowa, USA. Standard errors are shown in parentheses. Different lowercase letters indicate significantly different 
average annual C inputs between two crop rotations at a given location (P<0.05). 
  Mg C ha-1 yr-1 
Rotati
on 
Crop Aboveground 
C inputs 
Belowground C inputs Manure C 
inputs 
Total C inputs 
   Total 
belowground  
0-30 cm  30-90 cm   
Kanawha 
2-yr Maize 4.29 (0.17) 2.52 (0.10) 1.76 (0.07) 0.48 (0.02) -- 6.81 (0.26) 
 Soybean 2.09 (0.07) 1.10 (0.04) 0.72 (0.02) 0.15 (0.01) -- 3.19 (0.11) 
 Mean 3.19 (0.10) a 1.81 (0.07) b 1.24 (0.05) b 0.32 (0.01) b -- 5.00 (0.17) b 
4-yr Maize 4.68 (0.17) 2.74 (0.10) 1.92 (0.07) 0.52 (0.02) -- 7.42 (0.26) 
 Maize 4.22 (0.21) 2.48 (0.12) 1.73 (0.09) 0.47 (0.02) -- 6.70 (0.34) 
 Oat/Alfalfa 0.95 (0.06) 1.33 (0.08) 0.94 (0.06) 0.21 (0.01) -- 2.28 (0.13) 
 Alfalfa 1.07 (0.06) 3.21 (0.17) 1.96 (0.10) 0.71 (0.04) -- 4.27 (0.23) 
 Mean 2.73 (0.10) b 2.44 (0.07) a 1.64 (0.05) a 0.48 (0.01) a -- 5.17 (0.17) a 
Nashua 
2-yr Maize 4.56 (0.23) 2.68 (0.14) 1.87 (0.10) 0.51 (0.03) -- 7.24 (0.37) 
 Soybean 2.40 (0.12) 1.27 (0.06) 0.83 (0.04) 0.18 (0.01) -- 3.67 (0.18) 
 Mean 3.48 (0.14) a 1.97 (0.10) b 1.35 (0.06) b 0.34 (0.02) b -- 5.45 (0.23) a 
4-yr Maize 4.85 (0.23) 2.84 (0.14) 1.99 (0.10) 0.54 (0.03) -- 7.69 (0.37) 
 Maize 4.35 (0.25) 2.55 (0.15) 1.79 (0.10) 0.49 (0.03) -- 6.91 (0.40) 
 Oat/Alfalfa 0.93 (0.07) 1.31 (0.10) 0.93 (0.07) 0.21 (0.02) -- 2.25 (0.17) 
 Alfalfa 1.25 (0.08) 3.75 (0.25) 2.29 (0.15) 0.83 (0.05) -- 5.00 (0.33) 
 Mean 2.85 (0.14) b 2.62 (0.10) a 1.75 (0.06) a 0.52 (0.02) a -- 5.46 (0.23) a 
Marsden 
2-yr Maize 4.56 (0.12) 2.68 (0.07) 1.87 (0.05) 0.51 (0.01) -- 7.24 (0.19) 
 Soybean 1.91 (0.09) 1.01 (0.05) 0.66 (0.03) 0.14 (0.01) -- 2.93 (0.14) 
 Mean 3.24 (0.08) a 1.84 (0.06) b 1.27 (0.04) b 0.33 (0.01) b -- 5.08 (0.13) a 
4-yr Maize 4.78 (0.12) 2.80 (0.07) 1.96 (0.05) 0.53 (0.01) 1.67 (0.18) 7.58 (0.19) 
 Soybean 2.19 (0.09) 1.16 (0.05) 0.75 (0.03) 0.16 (0.01) -- 3.35 (0.14) 
 Oat/Alfalfa 0.43 (0.12) 1.75 (0.14) 1.24 (0.10) 0.28 (0.02) -- 2.18 (0.24) 
 Alfalfa 1.01 (0.07) 3.02 (0.21) 1.84 (0.13) 0.67 (0.05) -- 4.03 (0.28) 
 Mean 2.10 (0.08) b 2.18 (0.06) a 1.45 (0.04) a 0.41 (0.011) a 0.42 (0.04) 4.70 (0.13) b 
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Table 4. Probability values from the analysis of variance evaluating effects of soil depth, crop rotation, and soil properties on the soil 
organic C content, C/N ratio, biochemical composition, and distribution of C in physical fractions for three long-term cropping 
systems experiments in Iowa, USA. 
Explanatory 
variable 
SOC 
content (Mg 
C ha-1) 
C/N ratio GM:AX VSC-
lignin/OC 
(g VSC 
100 g-1 soil 
C)  
Ad/Alv  Ad/Als µSilt+Clay
-C/OC (g C 
100 g-1 soil 
C) 
dSilt+Clay
-C/OC (g C 
100 g-1 soil 
C) 
frPOM-
C/OC 
(g C 100 g-
1 soil C) 
iPOM-
C/OC 
(g C 100 g-
1 soil C) 
 
Kanawha 
Depth <0.0001 0.8364 0.0011 0.0001 0.0038 0.0005 0.0003 0.0005 0.0354 0.0004 
Rot 0.0069 0.6335 0.0866 0.0018 0.3490 0.2566 0.8152 0.5460 0.3677 0.1326 
Depth x Rot 0.9817 0.8063 0.5291 0.0248 0.5337 0.9767 0.8872 0.8926 0.5413 0.4616 
pH 0.2674 0.0862 0.0596 0.5282 0.4726 0.2512 0.9885 0.8133 0.3527 0.3032 
Sand content 0.7500 0.0419 0.0001 0.7551 0.0480 0.0006 0.0015 0.0001 0.0005 0.0001 
Elevation 0.8074 0.6386 0.8673 0.0537 0.2718 0.4486 0.0042 0.0124 0.2073 0.5396 
Nashua 
Depth <0.0001 <0.0001 0.0003 <0.0001 <0.0001 0.0162 <0.0001 <0.0001 0.0021 <0.0001 
Rotation 0.0959 0.4052 0.1573 0.2729 0.1172 0.6451 0.2637 0.8275 0.1309 0.4744 
Depth x Rot 0.8408 0.0473 0.2297 0.9581 0.0366 0.8774 0.1215 0.3492 0.7516 0.8405 
pH 0.4377 0.1536 0.8362 0.1854 0.9290 0.6829 0.9520 0.6282 0.4675 0.1528 
Sand content 0.1076 0.3662 0.7557 0.2777 0.8904 0.6227 0.2707 0.3907 0.8825 0.8126 
Elevation 0.0370 0.3529 0.8534 0.5769 0.9804 0.8569 0.5564 0.2332 0.2458 0.1637 
Marsden 
Depth <0.0001 0.6074 <0.0001 <0.0001 <0.0001 0.0001 0.0002 0.0011 0.0001 <0.0001 
Rotation 0.2957 0.9256 0.8441 0.5754 0.0001 0.4387 0.2682 0.8391 0.3058 0.7794 
Depth x Rot 0.6814 0.6973 0.2978 0.0298 0.0232 0.1043 0.6848 0.7532 0.8729 0.7072 
pH 0.8669 0.7009 0.1326 0.7149 0.0695 0.0140 0.6019 0.0878 0.9607 0.0807 
Sand content 0.8189 0.2178 0.4035 0.1976 0.6039 0.9451 0.2236 0.0696 0.0856 0.0331 
Elevation 0.0870 0.8272 0.5628 0.6778 0.3676 0.6387 0.1405 0.8895 0.0858 0.9647 
GM/AX = the ratio of galactose plus mannose to arabinose plus xylose; Ad/Al = the acid to aldehyde ratio of vanillyl (v) or syringyl 
(s) units; µSilt+Clay = microaggregate-derived silt plus clay; dSilt+Clay = easily dispersed silt plus clay; frPOM = particulate organic 
matter outside microaggregates; iPOM = microaggregate-protected particulate organic matter. 
  
1
0
7
 
Table 5. Percentage of total soil organic C in different physical fractions by depth and crop rotation at three long-term cropping 
systems experiments in Iowa, USA. Standard errors are shown in parentheses. Different letters indicate significant differences in 
means among depths for a particular fraction and location (P<0.05). 
Depth 
(cm) 
µSilt+Clay-C/OC dSilt+Clay-C/OC frPOM-C/OC iPOM-C/OC 
 g C 100 g-1 soil organic C 
 2-yr 4-yr Mean 2-yr 4-yr Mean 2-yr 4-yr Mean 2-yr 4-yr Mean 
 Kanawha 
0-15 68.4 
(2.41) 
70.3 
(2.97) 
69.4 
(2.25) ab 
29.6 
(3.22) 
26.8 
(3.66) 
28.2 
(3.10) c 
1.98 
(1.07) 
2.83 
(1.31) 
2.40 
(1.00) a 
0.010 
(0.005) 
0.018 
(0.006) 
0.014 
(0.004) b 
15-30 69.6 
(2.43) 
71.9 
(2.98) 
70.7 
(2.27) a 
28.2 
(3.23) 
25.2 
(3.67) 
26.7 
(3.12) c 
2.07 
(1.08) 
2.83 
(1.32) 
 2.45 
(1.01) a 
0.012 
(0.005) 
0.011 
(0.006) 
0.011 
(0.004) b 
30-60 64.2 
(2.41) 
64.6 
(3.00) 
64.4 
(2.27) b 
35.0 
(3.22) 
34.1 
(3.69) 
34.6 
(3.11) b 
0.72 
(1.07) 
1.16 
(1.33) 
 0.94 
(1.01) a 
0.012 
(0.005) 
0.014 
(0.006) 
 0.013 
(0.004) b 
60-90 53.0 
(2.65) 
56.9 
(2.97) 
54.9 
(2.29) c 
44.7 
(3.44) 
41.5 
(3.67) 
43.1 
(3.13) a 
2.67 
(1.18) 
1.59 
(1.32) 
2.13 
(1.02) a 
0.039 
(0.005) 
0.022 
(0.006) 
0.030 
(0.004) a 
 Nashua 
0-15 60.1 
(1.15) 
60.7 
(1.15) 
60.4 
(0.96) b 
34.7 
(1.31) 
35.1 
(1.31) 
34.9 
(1.05) bc 
5.18 
(0.46) 
4.18 
(0.46)  
4.68 
(0.33) a 
0.013 
(0.003) 
0.015 
(0.003) 
0.014 
(0.002) bc 
15-30 65.7 
(1.15) 
67.5 
(1.15) 
66.6 
(0.96) a 
31.5 
(1.31) 
30.3 
(1.31) 
30.9 
(1.05) c 
2.75 
(0.46) 
2.20 
(0.46) 
2.47 
(0.33) b 
0.007 
(0.003) 
0.011 
(0.003) 
0.009 
(0.002) c 
30-60 60.1 
(1.15) 
62.1 
(1.15) 
61.1 
(0.96) b 
37.1 
(1.31) 
35.9 
(1.31) 
36.5 
(1.05) ab 
2.81 
(0.46) 
2.00 
(0.46) 
2.40 
(0.33) b 
0.018 
(0.003) 
0.019 
(0.003) 
0.018 
(0.002) b 
60-90 57.5 
(1.15) 
56.1 
(1.15) 
56.8 
(0.96) c 
39.2 
(1.31) 
40.5 
(1.31) 
39.9 
(1.05) a 
3.21 
(0.46) 
3.36 
(0.46) 
3.28 
(0.33) b 
0.034 
(0.003) 
0.034 
(0.003) 
0.034 
(0.002) a 
 Marsden 
0-15 69.9 
(3.40) 
62.6 
(3.16) 
66.2 
(2.29) a 
28.0 
(2.87) 
34.7 
(2.87) 
31.3 
(2.07) b 
3.96 
(1.18) 
2.72 
(1.10) 
3.29 
(0.87) a 
0.019 
(0.004) 
0.014 
(0.004) 
 0.017 
(0.003) b 
15-30 71.2 
(3.72)  
66.6 
(3.16)  
68.9 
(2.39) a 
28.4 
(2.87) 
30.9 
(2.87) 
29.6 
(2.07) c 
2.70 
(1.19) 
2.71 
(1.11) 
2.64 
(0.88) a 
0.011 
(0.004) 
0.013 
(0.004) 
0.012 
(0.003) b 
30-60 63.1 
(3.31) 
58.5 
(3.25) 
60.8 
(2.23) a 
35.1 
(2.87) 
39.7 
(2.87) 
37.4 
(2.07) b 
2.74 
(1.10) 
1.23 
(1.10) 
1.97 
(0.83) a 
0.014 
(0.004) 
0.011 
(0.004) 
0.013 
(0.003) b 
60-90 49.6 
(3.16) 
47.9 
(4.25) 
48.7 
(2.70) b 
45.1 
(2.87) 
43.8 
(2.87) 
44.4 
(2.07) a 
4.39 
(1.18) 
4.56 
(1.40) 
4.60 
(1.01) a 
0.033 
(0.004) 
0.029 
(0.005) 
0.031 
(0.004) a 
µSilt+Clay = microaggregate-derived silt plus clay; dSilt+Clay = easily dispersed silt plus clay; frPOM = particulate organic matter 
outside microaggregates; iPOM = microaggregate-protected particulate organic matter. 
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Table 6. Eigenvector coefficients of the first three principal components for each of three long-term cropping systems experiments in 
Iowa, USA. 
 Kanawha Nashua Marsden 
Variable PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 
Depth (cm) 0.35 -0.26 0.15 0.36 -0.13 0.05 0.37 -0.09 -0.16 
Soil organic C (g C 100 g-1 soil) -0.37 0.26 -0.13 -0.34 0.20 -0.08 -0.36 -0.04 0.24 
C/N ratio 0.09 0.27 -0.46 -0.34 0.07 -0.14 -0.14 -0.29 0.05 
pH 0.28 0.01 -0.20 -0.18 -0.25 0.20 0.18 -0.41 0.29 
Sand (g 100 g-1 soil) 0.30 0.34 0.14 0.34 -0.05 0.11 0.19 0.45 0.00 
Elevation (m) -0.06 0.05 0.69 -0.05 -0.20 0.65 0.06 0.45 -0.10 
GM/AX 0.38 0.13 0.10 0.30 0.13 -0.31 0.24 -0.39 0.25 
Lignin-VSC/OC (g VSC 100 g-1 soil 
C) 
-0.27 0.21 -0.16 -0.18 0.42 0.30 -0.19 0.21 0.56 
Ad/Alv 0.18 0.02 -0.20 0.28 -0.32 0.15 0.24 -0.17 -0.48 
Ad/Als 0.36 0.07 -0.05 -0.16 -0.44 0.13 0.29 -0.21 0.20 
µSilt+Clay-C/OC (g C 100 g-1 soil 
C) 
-0.15 0.44 0.22 -0.27 -0.35 -0.12 -0.35 -0.13 -0.09 
dSilt+Clay-C/OC (g C 100 g-1 soil 
C) 
0.07 -0.51 -0.16 0.30 0.24 -0.02 0.32 0.09 -0.01 
frPOM-C/OC (g C 100 g-1 soil C) 0.24 0.35 -0.17 0.32 0.40 0.46 0.29 0.19 0.33 
iPOM-C/OC (g C 100 g-1 soil C) 0.33 0.17 0.18 0.32 0.06 0.23 0.32 0.12 0.25 
Standard deviation 2.30 1.84 1.28 2.66 1.73 1.24 2.48 1.71 1.22 
Cumulative % variance 38 62 74 51 72 83 44 65 83 
µSilt+Clay = microaggregate-derived silt plus clay; dSilt+Clay = easily dispersed silt plus clay; frPOM = particulate organic matter 
outside microaggregates; iPOM = microaggregate-protected particulate organic matter. 
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Figure 1. Soil organic C content by depth and crop rotation at three long-term cropping systems experiments in Iowa, USA. Different 
letters indicate significant differences in soil organic C among depths for a particular location (P<0.05). Asterisks indicate significant 
rotation effects for a given depth increment (P<0.05). Error bars are ± one SE. 
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Figure 2. Soil C/N ratio by depth and crop rotation at three long-term cropping systems experiments in Iowa, USA. Different letters 
indicate significant differences in C/N ratio among depths or depths and rotations for a particular location (P<0.05). Error bars are ± 
one SE. 
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Figure 3. The ratio of galactose plus mannose to xylose plus arabinose by depth and crop rotation at three long-term cropping systems 
experiments in Iowa, USA. Different letters indicate significant differences in the ratio of microbial- to plant-derived carbohydrates 
among depths for a particular location (P<0.05). Error bars are ± one SE. 
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Figure 4. Carbon-normalized lignin residues (lignin-VSC/OC) by depth and crop rotation at three long-term cropping systems 
experiments in Iowa, USA. Different letters indicate significant differences in lignin-VSC/OC among depths or depths and rotations 
for a particular location (P<0.05). Error bars are ± one SE.
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Figure 5. The acid to aldehyde ratios of vanillyl and syringyl structural units (Ad/Alv and Ad/Als, 
respectively) by depth and crop rotation at three long-term cropping systems experiments in 
Iowa, USA. Different letters indicate significant differences in Ad/Al among depths or depths 
and rotations for a particular location (P<0.05). Error bars are ± one SE.
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Figure 6. Biplots displaying the coefficient of each variable on the first two principal components as vectors and the score of each 
observation on the first two principal components as points.  
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Appendices 
Appendix 1: Average annual yields (2003-2014) for crops within 2-yr and 4-yr rotations at three 
long-term cropping systems experiments in Iowa, USA. Standard errors are shown in 
parentheses. 
Rotation Crop Grain or haya Straw 
  Mg dry matter ha-1 yr-1 
Kanawha 
2-yr Maize 9.51 (0.37)  
 Soybean 3.10 (0.11)  
4-yr Maize 10.37 (0.37)  
 Maize 9.36 (0.47)  
 Oats 2.37 (0.14) 0.00 
 Alfalfa 9.48 (0.51)  
Nashua 
2-yr Maize 10.11 (0.52)  
 Soybean 3.56 (0.17)  
4-yr Maize 10.74 (0.52)  
 Maize 9.65 (0.56)  
 Oats 2.34 (0.18) 0.00 
 Alfalfa 11.09 (0.73)  
Marsden 
2-yr Maize 10.11 (0.26)  
 Soybean 2.84 (0.14)  
4-yr Maize 10.60 (0.26)  
 Soybean 3.26 (0.14)  
 Oats 3.11 (0.25) 1.88 (0.14) 
 Alfalfa 8.95 (0.61)  
a Alfalfa yields represent the sum of cuttings from both years. 
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Appendix 2. Allocation coefficients and equations used to calculate average annual C inputs.  
Appendix table 2.1. Proportions of total net primary productivity allocated to different crop 
components (RP, RS, RR, RE) and proportions of crop components returned to the soil (SS and SP) 
from (Bolinder et al., 2007).  
Crop RP
 RS RR RE SS SP 
Maize 0.386 0.387 0.138 0.089 1.000 0.000 
Soybean 0.304 0.455 0.146 0.095 1.000 0.000 
Oats 0.319 0.283 0.241 0.157 Variable 0.000 
Alfalfa 0.571 0.000 0.260 0.169 1.000 0.250 
RP, RS, RR, and RE are allocation coefficients for the crop product, aboveground residue, roots, 
and rhizodeposits, respectively. SS represents the proportion of aboveground residue returned to 
the soil and SP represents the proportion of the crop product returned to the soil. For oats, SS was 
calculated for each year using grain yield, straw yield, and the harvest index (0.53). 
Appendix table 2.2. Proportion of total belowground C allocated to different depths based on 
equations reported in (Fan et al., 2016). 
 Proportion of root-C by depth 
Crop 0-30 cm 30-90 cm 
Maize 0.70 0.19 
Soybean 0.65 0.14 
Oats 0.71 0.16 
Alfalfa 0.61 0.22 
 
Maize and soybean 
Aboveground residue C was calculated as: Yield*0.45*(RS/RP) 
Belowground C was calculated as: (Yield*0.45*(RR/RP)) + (Yield*0.45*(RE/RP)) 
Total C inputs were calculated as the sum of aboveground residue C and belowground C.  
 
Oats 
Belowground C was calculated as: (Yield*0.45*(RR/RP)) + (Yield*0.45*(RE/RP)) 
Total C inputs were calculated as: (Yield*0.45*(RS/RP)*SS) + belowground C 
Aboveground residue C was calculated as the difference between total C inputs and belowground 
C. 
 
Alfalfa 
Belowground C was calculated as: (Yield*0.45*(RR/RP)) + (Yield*0.45*(RE/RP)) 
Total C inputs were calculated as: (Yield*0.45*SP) + belowground C 
Aboveground residue C was calculated as the difference between total C inputs and belowground 
C. 
 
For all calculations, we used dry matter yields in units of Mg ha-1. Plant tissue was assumed to 
contain 0.45 g C g-1 dry matter.
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Appendix 3: Percentage of total soil mass in different physical fractions by depth and crop rotation at three long-term cropping 
systems experiments in Iowa, USA. Standard errors are shown in parentheses. Means and standard errors were calculated using raw 
data (i.e., without covariate or block effects).   
Depth 
(cm) 
µSilt+Clay dSilt+Clay cPOM+Sand fPOM iPOM+Sand 
 g fraction 100 g-1 soil 
 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 
 Kanawha 
0-15 46.5 (3.22) 47.4 (3.50) 37.1 (2.99) 37.1 (6.49) 6.49 (0.41) 7.68 (1.90) 0.17 (0.03) 0.18 (0.07) 12.3 (1.76) 14.5 (4.35) 
15-30 46.3 (3.01) 45.9 (7.19) 33.0 (1.74) 34.5 (7.53) 6.04 (0.70) 6.48 (1.57) 0.16 (0.04) 0.19 (0.04) 12.6 (1.80) 11.6 (2.89) 
30-60 42.6 (2.37) 43.5 (2.60) 37.3 (4.13) 44.1 (13.9) 5.52 (1.89) 5.14 (2.00) 0.03 (0.01) 0.02 (0.01) 13.7 (4.35) 13.2 (5.71) 
60-90 32.6 (3.29) 36.3 (1.37) 35.6 (7.10) 52.9 (9.44) 10.1 (4.06) 5.12 (3.77) 0.04 (0.01) 0.05 (0.02) 25.0 (8.03) 17.1 (12.1) 
 Nashua 
0-15 38.6 (1.22) 39.4 (1.01) 33.8 (0.86) 33.8 (1.00) 15.7 (0.29) 14.5 (1.29) 0.01 (0.03) 0.12 (0.01) 13.4 (0.91) 14.2 (1.47) 
15-30 43.6 (0.88) 45.4 (0.94) 32.2 (1.23) 28.1 (0.94) 13.3 (0.45) 12.5 (0.92) 0.08 (0.03) 0.06 (0.02) 13.2 (0.56) 12.9 (1.44) 
30-60 35.4 (1.85) 37.5 (0.90) 26.3 (1.06) 24.6 (1.28) 18.8 (1.49) 19.0 (0.70) 0.03 (0.03) 0.09 (0.07) 19.0 (1.38) 17.9 (0.91) 
60-90 34.7 (0.78) 31.2 (1.91) 25.6 (0.86) 30.0 (2.85) 17.9 (0.97) 17.4 (2.22) 0.08 (0.06) 0.06 (0.06) 21.7 (0.27) 21.4 (0.57) 
 Marsden 
0-15 41.9 (2.32) 37.3 (2.54) 30.4 (2.08) 34.1 (5.80) 13.8 (1.33) 16.2 (2.51) 0.17 (0.01) 0.10 (0.02) 17.6 (1.50) 18.5 (1.37) 
15-30 43.3 (2.42) 39.7 (1.25) 27.9 (1.83) 28.4 (1.08) 12.9 (1.18) 15.4 (2.16) 0.08 (0.03) 0.13 (0.03) 17.9 (1.32) 18.4 (0.86) 
30-60 38.3 (1.80) 34.4 (1.78) 30.5 (2.02) 31.9 (2.95) 14.0 (1.52) 16.7 (2.75) 0.01 (0.00) 0.06 (0.02) 17.2 (1.08) 19.0 (1.17) 
60-90 28.2 (1.16) 26.0 (2.75) 33.5 (2.25) 29.0 (3.90) 14.8 (2.09) 21.5 (4.55) 0.03 (0.01) 0.04 (0.02) 21.2 (1.15) 22.1 (2.34) 
µSilt+Clay = microaggregate-derived silt plus clay; dSilt+Clay = easily dispersed silt plus clay; cPOM = coarse particulate organic 
matter outside microaggregates; fPOM = fine particulate organic matter outside microaggregates; iPOM = microaggregate-protected 
particulate organic matter. 
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Appendix 4: Carbon concentration of different physical fractions by depth and crop rotation at three long-term cropping systems 
experiments in Iowa, USA. Standard errors are shown in parentheses. Means and standard errors were calculated using raw data (i.e., 
without covariate or block effects).   
Depth 
(cm) 
µSilt+Clay dSilt+Clay cPOM+Sand fPOMa iPOM+Sand 
 g C 100 g-1 fraction 
 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 
 Kanawha 
0-15 4.80 (0.07) 5.44 (0.33) 2.67 (0.17) 2.88 (0.49) 0.43 (0.04) 0.58 (0.05) 18.2 26.2 0.26 (0.08) 0.45 (0.16) 
15-30 4.35 (0.19) 4.92 (0.24) 2.67 (0.16) 2.58 (0.06) 0.31 (0.03) 0.34 (0.10) 16.8 25.0 0.19 (0.03) 0.21 (0.04) 
30-60 1.94 (0.06) 2.07 (0.33) 1.21 (0.02) 1.25 (0.01) 0.15 (0.02) 0.09 (0.01)   0.11 (0.01) 0.10 (0.01) 
60-90 0.99 (0.14) 1.05 (0.23) 0.59 (0.02) 0.56 (0.07) 0.23 (0.05) 0.14 (0.02)   0.10 (0.01) 0.09 (0.02) 
 Nashua 
0-15 2.72 (0.23) 2.97 (0.28) 1.79 (0.14) 1.99 (0.09) 0.39 (0.08) 0.33 (0.06) 24.6 25.7 0.18 (0.04) 0.20 (0.02) 
15-30 2.23 (0.25) 2.23 (0.35) 1.44 (0.15) 1.61 (0.21) 0.13 (0.01) 0.12 (0.01) 30.7 19.3 0.09 (0.01) 0.12 (0.02) 
30-60 0.92 (0.01) 1.05 (0.18) 0.76 (0.04) 0.92 (0.16) 0.08 (0.01) 0.06 (0.01)   0.05 (0.00) 0.06 (0.00) 
60-90 0.50 (0.03) 0.61 (0.08) 0.47 (0.03) 0.45 (0.04) 0.05 (0.00) 0.06 (0.01)   0.05 (0.00) 0.05 (0.01) 
 Marsden 
0-15 4.71 (0.44) 4.54 (0.51) 2.68 (0.35) 2.71 (0.23) 0.30 (0.05) 0.25 (0.05) 30.1 25.6 0.22 (0.05) 0.18 (0.02) 
15-30 3.92 (0.60) 4.09 (0.51) 2.51 (0.41) 2.52 (0.14) 0.11 (0.02) 0.19 (0.04) 25.2 30.3 0.08 (0.01) 0.15 (0.03) 
30-60 2.01 (0.34) 1.98 (0.22) 1.39 (0.14) 1.42 (0.16) 0.18 (0.05) 0.09 (0.01)   0.09 (0.01) 0.09 (0.01) 
60-90 0.92 (0.10) 1.00 (0.17) 0.71 (0.06) 0.79 (0.12) 0.16 (0.03) 0.16 (0.04)   0.08 (0.01) 0.08 (0.00) 
µSilt+Clay = microaggregate-derived silt plus clay; dSilt+Clay = easily dispersed silt plus clay; cPOM = coarse particulate organic 
matter outside microaggregates; fPOM = fine particulate organic matter outside microaggregates; iPOM = microaggregate-protected 
particulate organic matter.  
a The C concentration of fine particulate organic matter outside microaggregates (fPOM) was measured for each treatment (all 
replicates combined) for the surface two depths. 
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Appendix 5. Percentage of mass and C recovered after physical fractionation and modifications to C concentrations of the silt plus 
clay fractions that would be required to achieve perfect recovery. We only evaluated modifications to the silt plus clay fractions 
because the particulate organic matter fractions were not large enough to account for the high C recovery. We adjusted the C 
concentrations of these fractions rather than the masses because mass recoveries were not substantially greater than 100%. 
Depth 
(cm) 
Mass recovered 
 
Carbon recovered 
 
Modified µSilt+Clay-C to achieve 
100% recovery 
Modified dSilt+Clay-C to achieve 
100% recovery 
 g recovered 100 g-1 sample g C recovered 100 g-1 sample C g modified C 100 g-1 measured C g modified C 100 g-1 measured C 
 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 2-yr 4-yr 
 Kanawha 
0-15 103 (2.13) 107 (3.82) 115 (3.93) 113 (2.10) 81 (5.1) 87 (25) 60 (7.52) 80 (57) 
15-30 98 (0.27) 99 (10.3) 123 (7.54) 113 (1.45) 74 (7.0) 86 (17) 39 (15.9) 69 (41) 
30-60 99 (0.70) 106 (8.86) 125 (3.90) 113 (3.00) 69 (2.9) 81 (7.0) 41 (10.8) 70 (2.0) 
60-90 103 (2.54) 111 (5.06) 132 (8.67) 134 (2.70) 60 (7.5) 62 (25) 29 (21.9) 43 (44) 
 Nashua 
0-15 102 (0.68) 102 (2.64) 99 (2.33) 97 (6.17) 102 (4.0) 107 (11) 103 ( 7.0) 112 (19) 
15-30 102 (1.43) 99 (2.41) 111 (4.33) 104 (4.33) 86 (5.5) 94 (6.0) 71 (11) 88 (13) 
30-60 100 (1.05) 99 (0.98) 100 (5.46) 97 (5.55) 102 (9.6) 106 (9.3) 103 (15) 112 (16) 
60-90 100 (0.14) 100 (0.39) 110 (5.69) 110 (3.71) 85 (7.4) 84 (5.9) 78 (12) 78 (8.2) 
 Marsden 
0-15 104 (0.87) 106 (6.60) 106 (7.29) 106 (3.34) 95 (9.4) 91 (4.5) 77 (26) 84 (9.6) 
15-30 102 (0.97) 102 (11.3) 107 (2.72) 108 (3.94) 92 (3.2) 89 (5.0) 78 (10) 75 (12) 
30-60 100 (1.38) 102 (2.54) 107 (7.74) 110 (2.18) 93 (9.3) 86 (3.1) 82 (24) 78 (5.2) 
60-90 98 (1.85) 99 (0.98) 131 (8.40) 118 (14.0) 54 (11) 74 (27) 49 (13) 77 (28) 
µSilt+Clay = microaggregate-derived silt plus clay; dSilt+Clay = easily dispersed silt plus clay. 
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Appendix 6. Percentage of total soil organic C in different physical fractions by depth and crop rotation at three long-term cropping 
systems experiments assuming modified C concentrations for the microaggregate-derived silt plus clay fraction (Appendix 5). 
Standard errors are shown in parentheses. Different letters indicate significant differences in means among depths for a particular 
fraction and location (P<0.05).  
Depth 
(cm) 
µSilt+Clay-C/OC dSilt+Clay-C/OC frPOM-C/OC iPOM-C/OC 
 g C 100 g-1 soil organic C 
 2-yr 4-yr Mean 2-yr 4-yr Mean 2-yr 4-yr Mean 2-yr 4-yr Mean 
 Kanawha 
0-15 63.1 
(4.26) 
64.5 
(6.02) 
63.8 
(3.69) a 
34.4 
(4.12) 
32.0 
(5.83) 
33.2 
(3.58) b 
1.98 
(1.07) 
2.83 
(1.31) 
2.40 
(1.00) a 
0.010 
(0.008) 
0.020 
(0.011) 
0.016  
(0.007) b 
15-30 61.1 
(4.26) 
66.4 
(6.02) 
63.8 
(3.69) a 
35.9 
(4.14) 
29.9 
(5.83) 
32.9 
(3.60) b 
2.07 
(1.08) 
2.82 
(1.32) 
2.45  
(1.01) a 
0.016 
(0.008) 
0.013 
(0.011) 
0.014 
(0.007) b 
30-60 55.6 
(4.26) 
57.0 
(6.02) 
56.3 
(3.69) ab 
43.5 
(4.12) 
40.8 
(5.88) 
41.1  
(3.59) ab 
0.72 
(1.07) 
1.15 
(1.33) 
0.94 
(1.01) a 
0.016 
(0.008) 
0.018 
(0.011) 
0.017 
(0.007) b 
60-90 44.9 
(4.26) 
41.6 
(6.02) 
43.3 
(3.69) b 
52.7 
(4.45) 
55.6 
(5.84) 
54.1 
(3.62) a 
2.67 
(1.18) 
1.60 
(1.32) 
2.13 
(1.02) a 
0.053 
(0.008) 
0.033 
(0.011) 
0.043 
(0.007) a 
 Nashua 
0-15 60.5 
(2.27) 
62.1 
(2.27) 
61.3 
(1.99) a 
34.4 
(2.33) 
33.9 
(2.33) 
34.1 
(1.98) b 
5.13 
(0.48) 
4.02 
(0.48) 
4.57 
(0.34) a 
0.013 
(0.003) 
0.015 
(0.003) 
0.014 
(0.002) bc 
15-30 62.1 
(2.27) 
66.0 
(2.27) 
64.0 
(1.99) a 
34.9 
(2.33) 
31.7 
(2.33) 
33.3 
(1.98) b 
3.03 
(0.48) 
2.30 
(0.48) 
2.67 
(0.34) bc 
0.008 
(0.003) 
0.011 
(0.003) 
0.010 
(0.002) c 
30-60 60.3 
(2.27) 
63.2 
(2.27) 
61.8 
(1.99) a 
36.9 
(2.33) 
34.9 
(2.33) 
35.9  
(1.98) b 
2.80 
(0.48) 
1.91 
(0.48) 
2.35 
(0.34) c 
0.018 
(0.003) 
0.018 
(0.003) 
0.018 
(0.002) b 
60-90 53.4 
(2.27) 
51.6 
(2.27) 
52.5 
(1.99) b 
43.0 
(2.33) 
44.7 
(2.33) 
43.9 
(1.98) a 
3.55 
(0.48) 
3.65 
(0.48) 
3.60 
(0.34) ab 
0.037 
(0.003) 
0.037 
(0.003) 
0.037 
(0.002) a 
 Marsden 
0-15 67.3 
(5.37) 
61.0 
(5.37) 
64.1 
(3.80) a 
29.6 
(4.10) 
36.4 
(4.10) 
33.0 
(2.90) b 
3.06 
(1.78) 
2.57 
(1.78) 
2.82 
(1.36) b 
0.015 
(0.006) 
0.014 
(0.006) 
0.015 
(0.005) b 
15-30 67.7 
(5.37) 
64.7 
(5.37) 
66.2 
(3.80) a 
30.7 
(4.10) 
32.8 
(4.10) 
31.7 
(2.90) b 
1.60 
(1.78) 
2.48 
(1.78) 
2.04 
(1.36) b 
0.006 
(0.006) 
0.013 
(0.006) 
0.010 
(0.005) b 
30-60 60.2 
(5.37) 
55.7 
(5.37) 
57.9 
(3.80) a 
37.3 
(4.10) 
42.8 
(4.10) 
40.1 
(2.90) b 
2.51 
(1.78) 
1.45 
(1.78) 
1.98 
(1.36) b 
0.013 
(0.006) 
0.012 
(0.006) 
0.013 
(0.005) b 
60-90 33.5 
(5.37) 
39.9 
(5.37) 
36.7 
(3.80) b 
59.0 
(4.10) 
51.5 
(4.10) 
55.3 
(2.90) a 
7.40 
(1.78) 
8.57 
(1.78) 
7.99 
(1.36) a  
0.049 
(0.006) 
0.045 
(0.006) 
0.047 
(0.005) a 
µSilt+Clay = microaggregate-derived silt plus clay; dSilt+Clay = easily dispersed silt plus clay; frPOM = particulate organic matter 
outside microaggregates; iPOM = microaggregate-protected particulate organic matter. 
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Diversified cropping systems integrated with livestock production can provide substantial 
soil conservation and water quality benefits, yet farmers in the U.S. Corn Belt have shifted 
toward greater specialization of farming systems in recent decades. The purpose of this study 
was to evaluate the economic feasibility of re-integrating crops and livestock in farming systems 
of the U.S. Corn Belt. Using data on farming practices and yields from a long-term cropping 
systems experiment, we calculated annual revenue and costs of four farming systems–a simple 
corn-soybean rotation with and without cattle (2-yr cash and 2-yr integrated, respectively) and a 
diversified corn-soybean-oat/alfalfa-alfalfa rotation with and without cattle (4-yr cash and 4-yr 
integrated, respectively). Our analysis was conducted for a 405-hectare parcel in central Iowa 
over the period of 2008 to 2015. To maximize the use of harvested crops, cattle enterprises 
differed for the 2- and 4-yr rotations: yearlings were finished using a diet of mostly concentrate 
feeds for the 2-yr integrated system and calves were backgrounded and finished using a diet of 
forages and concentrates for the 4-yr integrated system. We found that mean annual returns to 
land and management were similar among all four farming systems ($790 ha-1 averaged across 
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the four systems). The integrated systems exhibited greater variability among years in returns to 
land and management than the cash systems. In addition, total costs excluding land and 
management were four- to nine-fold greater for the integrated crop-livestock systems than for the 
cash crop systems. Labor requirements increased with crop rotation diversification by 59% (4-yr 
cash vs. 2-yr cash) and with integration of cattle by 217% (2-yr integrated vs. 2-yr cash) or 232% 
(4-yr integrated vs. 2-yr cash). We concluded that diversified crop rotations with or without 
cattle are profitable farming systems in Iowa, but require greater capital and labor inputs than the 
dominant 2-yr cash grain system. 
Introduction 
A key challenge of 21st century agriculture is to meet the food, fuel, and fiber demands of 
a growing population while protecting environmental quality and providing adequate financial 
returns to farmers (Robertson and Swinton 2005). Industrial forms of modern agriculture use 
plant breeding to improve the genetic basis of crop production as well as inputs of water, 
chemicals, and fossil energy to remove limitations to plant growth. These external inputs can 
decouple crop production from biological functions provided by diverse agroecosystems, such as 
nutrient cycling and biological pest control, and consequently can promote specialization of 
agricultural systems (Bowman and Zilberman 2013). Over the last half-century, this collection of 
technologies has dramatically increased crop yields, allowing agriculture to meet global food 
demands while slowing the expansion of cropping into natural lands (Tilman 2002). However, 
agricultural intensification has caused harm to the environment: irrigation depletes limited water 
resources, reactive nitrogen and phosphorus pollute surface and coastal waters and contaminate 
groundwater, pesticides kill non-target organisms, and altered patterns of carbon and nitrogen 
cycling contribute to climate change (Robertson et al. 2014). These environmental impacts raise 
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concerns about the sustainability of current input-intensive agricultural systems (Tilman et al. 
2002). 
Agricultural intensification and its impacts on environmental quality are particularly 
apparent in the U.S. Corn Belt. Between 1945 and 2000, cattle numbers in this region (Ohio, 
Indiana, Illinois, Iowa, Wisconsin, and Minnesota) declined by 52% while hay and oat (Avena 
sativa L.) production decreased by 60 and 97%, respectively (Sulc and Tracy 2007). Over this 
same period, corn (Zea mays L.) and soybean (Glycine max (L.) Merr.) area increased by 29 and 
80%, respectively (Sulc and Tracy 2007). Concomitantly, nitrogen fertilizer rates for corn 
approximately tripled between the early 1960s and 1980s (Nehring 2013). Corn and soybean 
now occupy 87% of the harvested area (47% in corn, 40% in soybean), while hay occupies 7% 
of Corn Belt cropland (USDA NASS 2016). The U.S. Environmental Protection Agency has 
identified nearly 6,000 impaired water bodies within the region (US EPA 2016), and nitrate 
exported from corn and soybean fields in the Corn Belt has been implicated as a cause of 
hypoxia in the Gulf of Mexico (Goolsby et al. 1999, Alexander et al. 2008, David et al. 2010). 
Diversifying crop rotations to include perennial forages such as alfalfa (Medicago sativa 
L.) may help to ameliorate the environmental impacts associated with U.S. Corn Belt agriculture. 
Diversified crop rotations that include both annual grain crops and perennial forages show 
reduced nitrate losses (Randall et al. 1997), reduced soil erosion by water (Shiftlet and Darby 
1985) and wind (Padbury and Stushnoff 2000), increased soil organic matter (Drinkwater et al. 
1998), and increased soil health (Lazicki et al. 2016, King and Hofmockel 2017) relative to 
simple annual crop rotations. Diversified crop rotations can also rely on biological nutrient 
provisioning and pest control, requiring fewer fertilizer and pesticide inputs to achieve 
equivalent or greater yields than simple rotations (Davis et al. 2012, Hunt et al. 2017).   
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Ruminant livestock provide the economic incentive to diversify crop rotations with 
perennial forages. Perennial forages are not suitable as food for humans, but ruminant livestock 
such as cattle and sheep are capable of converting them into useable food and fiber products. 
Because ruminants generate demand for hay, farms that raise perennial forages often raise 
livestock as well (Russelle et al. 2007). The integration of crop and livestock enterprises 
eliminates the need to import feed stuffs or export harvested crops. Moreover, livestock manure 
can serve as a source of nutrients for crop production, recycling nutrients removed from cropland 
and replacing synthetic fertilizer inputs. Using soil erosion and N budget models applied to 
western Iowa watersheds, Burkart et al. (2005) showed that the adoption of integrated crop-
livestock systems that include grain- and forage-based crop rotations and cattle would lead to 
significant reductions in leachable nitrogen, lower soil losses, and greater soil organic nitrogen 
compared to current agricultural systems.  
Decisions regarding land use in the U.S. Corn Belt can influence the supply of major 
agricultural commodities as well as the status of the regional and global environment. These 
decisions, while far-reaching in their impact, are made at a local scale: on the farm by individuals 
and families with careful consideration of expected profitability weighed alongside their own 
personal values, skills, interests, and financial and physical resources. Past research has shown 
that diversified crop rotations with manure amendments can be as profitable as simple crop 
rotations in Iowa (Karlen et al. 1995, Olmstead and Brummer 2007, Davis et al. 2012, Hunt et al. 
2017), but previous economic evaluations have not provided in-depth considerations of 
integrated livestock enterprises.  
In this study, we wanted to evaluate the economic feasibility of integrated crop-livestock 
systems for the U.S. Corn Belt. We calculated annual revenue and costs of four farming systems 
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– a simple corn-soybean rotation with and without cattle (2-yr cash and 2-yr integrated, 
respectively) and a diversified corn-soybean-oat/alfalfa-alfalfa rotation with and without cattle 
(4-yr cash and 4-yr integrated, respectively) for 405 hectares in Iowa over the period of 2008 to 
2015. We assumed that the four farming systems were already in place and therefore did not 
include start-up costs in our budgets. Profitability was calculated as return to land and 
management (gross revenue – total costs except for land and management).  
Materials and Methods 
Crop Enterprise Budgets 
Crop enterprise budgets were based on actual yields and herbicide inputs for the Marsden 
Farm cropping systems experiment (Liebman et al. 2008, Hunt et al. 2017). The Marsden Farm 
experiment was established in 2002 in Boone, IA (42⁰  01’ N, 93⁰  47’ W). The trial includes a 
corn-soybean rotation (2-yr rotation) and a corn-soybean-oat /alfalfa-alfalfa rotation (4-yr 
rotation) arranged in a replicated, randomized complete block design. The corn-soybean rotation 
is managed as a typical cash grain farm in the region, with conventional fertilizer and herbicide 
inputs. The 4-yr rotation is representative of a diversified farming system in the region, which 
often includes swine or cattle. As such, composted manure is applied in the fall prior to the corn 
phase of the 4-yr rotation. Beginning in 2008, each plot was split in half to compare conventional 
and low-input weed management practices (Gómez et al. 2010). We used herbicide input costs 
and yield data from the portion of the plots with conventional weed management for the crop 
enterprise budgets (Hunt et al. 2017).  
For this study, the harvested crop products differed slightly between the cash crop and 
integrated systems for the same crop rotation based on cattle feed and bedding requirements for 
livestock (Table 1). As a result, some crop products included in this study were not harvested in 
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the Marsden Farm rotations (i.e., corn stover and corn silage in the 2-yr integrated system and 
corn stover and oat silage in the 4-yr integrated system). Also, two of the systems evaluated in 
this study differed from Marsden Farm rotations in manure use: for this study we assumed that 
the 2-yr integrated system would receive manure but the 2-yr Marsden Farm rotation did not, and 
we assumed that the 4-yr cash system would not receive manure but the 4-yr Marsden Farm 
rotation did receive manure. Manure applied prior to corn is expected to increase corn yield by 
2% (Singer et al. 2004) and soybean yield by 6% (McAndrews et al. 2006) relative to synthetic 
nitrogen fertilization of corn for Iowa soils. Therefore, we increased corn and soybean yields by 
2% and 6%, respectively, in the 2-yr integrated system relative to the 2-yr cash system and 
decreased corn and soybean yields by these percentages in the 4-yr cash system relative to the 4-
yr integrated system. Replacing manure application prior to corn with synthetic fertilization was 
not expected to affect oat and alfalfa yields in the 4-yr cash system (Porter et al. 2003). 
Per-hectare gross revenue for each crop product was calculated as the crop yield from the 
corresponding Marsden Farm rotation (averaged across replicates; Appendix 1) multiplied by the 
marketing year price (from USDA NASS 2016; Appendix 2). When calculating per-hectare 
gross revenue for each system, the per-hectare gross revenue for each crop was weighted by the 
proportion of farm area annually allocated to that crop in each system. Corn silage and oat silage 
yields were estimated using allometric relationships applied to measured grain yields (Edwards 
2008). Corn stover yields were calculated assuming that 50% of total aboveground dry matter 
was harvested as grain and that 30% (2-yr integrated) or 35% (4-yr integrated system) of the 
stover was baled. The percentage of stover baled was adjusted so that total stover harvested 
matched bedding requirements of the livestock enterprise. The proportional area in production 
was calculated as one divided by the number of crop phases; for corn silage and oat silage in the 
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integrated systems, the area in production was deducted from the area in corn grain or oat grain 
production and depended on silage requirements of the livestock enterprise. A portion of soybean 
production area (0.20 ha + 3.72 m2 head-1; Euken et al. 2015) was deducted from the 2-yr and 4-
yr integrated systems to allow space for livestock facilities.  
Seed and fertilizer prices, insurance costs, and miscellaneous costs (Appendix 2) were 
collected from Iowa State University’s Costs of Crop Production from 2008 to 2015 (Duffy and 
Smith 2008-2009, Duffy 2010-2014, Plastina 2015). Limestone prices were collected from 
USDA NASS (2016) for the same time period. Nitrogen fertilizer rates were set according to 
Maximum Return to Nitrogen recommendations by Iowa State University (Sawyer et al. 2006) 
for corn following soybean (154 kg ha-1) and according to Sawyer (2016) for corn following 
alfalfa (34 kg ha-1). Phosphorus and potassium rates were set based on crop removal estimates 
(Mallarino et al. 2013). Lime application rates were based on the calcium carbonate equivalent 
required to raise buffer pH in the top 8 cm from 6.8 (Liebman et al. 2008) to 6.9 (Mallarino et al. 
2013) for the 4-yr rotation. We included one lime application to the 4-yr rotation for the eight-
year period, and divided the material and spreading costs evenly among the eight years. Liming 
was not necessary to bring the soil pH to the recommended level for the corn-soybean rotation. 
Herbicide costs were calculated based on herbicide products and rates used in the Marsden Farm 
experiment. Interest costs were calculated for pre-harvest variable costs over eight months using 
average market interest rates for each year (Duffy and Smith 2008-2009, Duffy 2010-2014, 
Plastina 2015).  
A summary of pre-harvest and harvest field operations used for each crop within each of 
the four farming systems is provided in Appendix 3. All machinery costs, with the exception of 
grain drying and handling, silage harvesting and handling, and lime application, were calculated 
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according to Iowa State University’s Machinery Cost Calculator (Edwards 2015) using a 
representative set of used machinery and assuming machinery field capacities (area hour-1) 
detailed in Hanna (2002; Appendices 4-6). Field capacities for most machines were provided in 
units of area covered per hour; for those provided in units of mass harvested per hour, 
conversions were made to area per hour using 2008-2015 mean yields.  
Machinery operating costs were calculated for each operation based on hours of 
equipment use and they included repair costs for both the power unit and implement as well as 
fuel and lubrication costs for the power unit. Machinery operating costs were scaled to a per-
hectare basis using the number of hectares receiving each operation (Appendix 7), then summed 
across all operations for each crop within each farming system. Annual machinery ownership 
costs were calculated for each power unit and implement and included capital recovery 
(assuming interest rates presented in Appendix 2), taxes, insurance, and housing. Machinery 
ownership costs were scaled to a per-hectare basis using the total farm area (Appendix 8) and 
summed across all power units and implements needed for each farming system. Grain drying 
and handling (auger) costs were collected from Iowa State University’s Costs of Crop Production 
(Duffy and Smith 2008-2009, Duffy 2010-2014, Plastina 2015; Appendices 7 and 8). We 
compared the machinery and labor costs of silage harvesting and handling as well as forage 
harvesting to custom rates for these operations and found that silage harvesting and handling 
could be done at a lower cost by custom (i.e. hired) operators. Custom farming rates for silage 
harvesting and handling as well as for lime application were collected from Iowa State 
University’s Custom Rate Survey (Edwards 2008-2014, Plastina et al. 2015; Appendix 2).  
Labor hours were determined using the inverse of machinery field capacity, summed 
across operations for each crop and multiplied by a factor of 1.2 to allow time to move and clean 
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equipment. Labor hours do not include overhead and record-keeping, but these were not 
expected to differ substantially among systems. Hourly wages were collected from Iowa State 
University’s Costs of Crop Production (Duffy and Smith 2008-2009, Duffy 2010-2014, Plastina 
2015; Appendix 2).  
Livestock Enterprise Budgets 
The livestock enterprises differed depending on the associated crop rotation. For the 2-yr 
integrated system, yearlings were purchased at 340 kg and brought to a market weight of 612 kg 
at choice grade. Two growth cycles were carried out each year: February to July and August to 
January of the following year. To make better use of the alfalfa hay produced by the diversified 
crop rotation, in the 4-yr integrated system, calves were purchased at 227 kg in November, 
backgrounded and finished at 567 kg (at choice grade) in late June.  
Gross revenue for cattle sales was calculated as the product of the price of one fed steer 
and total number of head raised per year. Prices of calves, yearlings, and choice steers were 
collected from Schulz et al. (2016a) for the appropriate months of feeder cattle purchase and 
finished cattle sale (Appendix 2). Gross revenue for the livestock enterprises also included the 
fertilizer replacement value of the manure. The fertilizer replacement value was calculated 
according to manure production and manure nutrient composition presented in Euken et al. 
(2015). The manure quantity produced was increased by 25% for the 4-yr integrated system 
relative to the 2-yr integrated system to account for a longer growth cycle and lower excretion 
rates for backgrounding cattle than finishing cattle (Euken 2009). The assumed manure 
production was 4.5 Mg head-1 for the 2-yr integrated system and 5.7 Mg head-1 for the 4-yr 
integrated system (fresh weight basis at 70% moisture). The concentrations of N, P2O5, and K2O 
were 9.0, 5.5, and 7.0 kg Mg-1 fresh manure, respectively. We assumed that 30% of the N and 
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100% of the P2O5 and K2O would be available in the first year (Sawyer and Mallarino 2008) and 
that phosphorus and potassium applied in excess of the corn removal would be available for 
subsequent crop phases.  
Feed rations were developed using the BRaNDS program (Iowa Beef Center 2016) using 
parameters representative of a deep-bedded confinement system located in central Iowa for cattle 
receiving ionophores and growth promotants (Euken et al. 2015). The rations were optimized for 
each 45-kg weight increment within a growth cycle to provide adequate effective neutral 
detergent fiber, metabolizable energy, metabolizable protein, vitamins and minerals for the 
cattle’s weight class and body condition score while maximizing rate of gain. Diets for the 2-yr 
and 4-yr integrated systems are summarized in Appendix 9. Feed costs included products 
harvested on the farm (corn grain, corn silage, oat silage, and alfalfa hay) and products bought in 
the market (modified distiller’s grain and minerals), as well as costs associated with grinding and 
mixing feed (prices listed in Appendix 2; Edwards 2008-2014, Plastina et al. 2015). In the 
whole-farm budget, costs of livestock feed produced on the farm were approximately offset by 
the revenue generated by those products in the crop enterprise budgets ($ ha-1 gross revenue 
multiplied by proportional area of production). These livestock feed costs were not perfectly 
offset by crop revenue because: 1) the quantity of feed ingredients did not change according to 
yield variability over time, and 2) when calculating livestock feed costs, the prices used for crop 
products were based on the previous marketing year to better represent the timing of feed 
purchase for the cattle growth cycles.  
Variable costs associated with livestock production other than livestock and feed costs 
included bedding, veterinary costs, marketing costs, interest, death loss, manure disposal, and 
labor. Bedding requirements were set at 2.3 kg head-1 day-1 according to Euken et al. (2015) and 
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priced based on the market price of stover (Appendix 2). To estimate veterinary costs, we 
assumed the costs of vaccines, ear tags, wormers, and growth promoting implants would total 
$15 per yearling and $20 per calf; treatment costs were calculated assuming 15% of the cattle 
would require treatment and each treatment would cost $32 (Busby 2015). Marketing costs 
included a check-off fee ($1.00), insurance ($1.00), and hauling costs for feeder and fed cattle 
(241 km for each 22,700-kg load at $2.49 km-1). Interest rates were consistent with those used 
for the crop enterprise budgets and were applied to the calf or yearling purchase for the full 
growth cycle as well as to feed and other non-livestock variable costs (feed, bedding, veterinary 
costs, marketing costs) for half of the growth cycle. Death loss was calculated for yearlings as 
1% of the yearling purchase cost plus 0.5% of other variable costs and for calves as 2% of the 
calf purchase cost plus 1% of other variable costs (Schulz et al. 2015). Manure disposal was 
estimated to cost $3.31 Mg-1 according to Euken et al. (2015). Labor hours as well as fixed costs 
associated with facilities and feed storage and handling equipment were collected from Euken et 
al. (2015) for a deep-bedded confinement system (1.2 hour head-1 for 2-yr integrated; 1.6 hour 
head-1 for 4-yr integrated). We divided facilities (fixed) costs for the 2-yr integrated system by 
two because the total number of cattle produced each year was split into two growth cycles 
($50.8 head-1 for 2-yr integrated; $102 head-1 for 4-yr integrated). 
The maximum number of cattle produced per year was calculated for each integrated 
system based on the cattle diets and on the 2008-2015 mean corn grain yields (the most limiting 
feed component in both systems’ rations). The number of cattle produced per year was used to 
determine the silage area, percentage stover removal for bedding, and the fertilizer replacement 
value of the manure. The production of corn grain, corn or oat silage, and corn stover matched 
the demand of the corresponding cattle enterprise for each integrated system. The 4-yr rotation 
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produced alfalfa hay in excess of cattle needs, as well as oat grain and oat straw that were not fed 
to cattle. These products were marketed (Table 1). We converted per-head revenue and costs to a 
per-hectare basis using the number of head raised per year in each 405-ha operation. 
Labor Requirements 
Field labor hours were calculated by multiplying the labor hours for each field operation 
by the number of hectares receiving the operation and summing across all operations conducted 
within each two-month period. The assumed timing of operations is presented in Appendix 3. 
Note that custom operations were not included in labor requirements and that labor hours for 
manure application were included in the livestock enterprises and thus not considered part of the 
field labor hours. Labor for the livestock enterprises was calculated as the product of the per-
head labor requirements and the total number of head raised per year. The total livestock labor 
needs were divided evenly throughout each system’s growth cycles. The total labor hours for 
each two-month period were divided by 8 weeks to scale labor requirements to a per-week basis. 
Mean field hours available in central Iowa were estimated using field days presented in Hanna 
and Edwards (2014) and assuming 13, 15, 14, and 12 hours of daylight per day for March-April, 
May-June, July-August, and September-October, respectively. Coefficients of variation for 
seasonal labor requirements were calculated as the standard deviation of total labor hours among 
the two-month increments divided by mean labor hours among the two-month increments.  
Statistical Analysis 
We constructed budgets for crop and livestock enterprises within each farming system 
and added them to calculate annual whole-farm returns to land and management for each year. 
Although the Marsden Farm experiment included four replicates, we used the mean yields across 
replicates in each year’s budget. Therefore, our statistical analysis included a crop, livestock, and 
whole farm budget for each year from 2008 through 2015. We used analysis of variance to 
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determine the effect of farming system on crop yield, as well as revenue, costs, and returns for 
each enterprise and for the whole farm; year was included as a random effect (R lme; Pinheiro et 
al. 2014). Log transformations were applied when needed to achieve homoscedasticity. Pairwise 
comparisons (using a Tukey adjustment) were obtained from the lsmeans package (Lenth 2014). 
Comparisons with P<0.05 were considered significantly different. Means and standard errors of 
the untransformed data are presented in figures and tables. Coefficients of variation for returns to 
land and management were calculated as the standard deviation of returns among years divided 
by the mean of each system. 
Analysis of covariance was used to identify variables that could explain inter-annual 
variation in profitability of the four systems (R CoreTeam 2014). Model fixed effects included 
farming system as well as the following continuous variables and their interactions with system: 
crop price, grain yield, fertilizer nitrogen price, and cattle price ratio (fed price: feeder price). 
Model selection was performed using stepwise selection in both directions (Venables and Ripley 
2002).  
The continuous variables used for analysis of covariance were calculated by relativizing 
the values from each year to the 2008-2015 mean and then averaging across crops (for crop 
price), growth cycles (for cattle price ratio) or crops and rotations (for grain yield). The crop 
price index includes prices of nearly all products sold in the rotations because the prices were 
positively correlated between crops (Appendix 10). However, the crop price index does not 
include forage prices that were estimated based on grain prices (i.e., corn silage and oat silage), 
nor does it include stover prices because annual prices could not be obtained for that product. 
The grain yield index includes yields of corn grain, soybean grain, and oat grain but not forage 
yields because forage yields were not positively correlated with grain yields (Appendix 10). 
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Results 
Crop Enterprises 
Averaged across years (2008-2015), the 4-yr integrated system produced approximately 
3.4% greater corn yields (P<0.05) and 21% greater soybean yields (P<0.05) than the 2-yr cash 
system, while yields of the 2-yr integrated and 4-yr cash systems were intermediate between 
those of the 2-yr cash and 4-yr integrated systems (Appendix 1). However, the 2-yr systems 
tended to generate greater revenue than the 4-yr systems (Figure 1) because the oat grain/first 
year alfalfa and oat silage/first year alfalfa produced only about 50% of the revenue generated by 
corn and about 80% of the revenue generated by soybean (Table 2). Corn stover harvest and 
higher corn and soybean yields due to manure amendment boosted revenue in the 2-yr and 4-yr 
integrated systems, and overall the 2-yr integrated system generated the greatest revenue from 
crop enterprises (Figure 1).  
Costs of crop production were lower for the 4-yr systems than for the 2-yr systems 
(Figure 1). This effect was due to reduced fertilizer requirements in corn following alfalfa and 
reduced frequency of a high-cost crop (corn) in the rotation (Table 2). Costs of crop production 
were greater in the integrated systems than in the corresponding cash systems mainly due to the 
additional harvesting costs and fertilizer requirements associated with stover removal (Table 2). 
Note that the fertilizer replacement value of the manure was represented as a revenue stream in 
the livestock enterprise budgets rather than as cost savings in the crop enterprise budgets. 
Diversifying the crop rotation and integrating cattle resulted in greater machinery fixed costs 
(Figure 1) because the more complex systems required a wider range of operations (Appendix 3) 
and thus a larger set of machinery. Overall, returns to land and management for the crop 
enterprises were similar across the four systems (P=0.31) and averaged $837 ha-1; Figure 1). 
Coefficients of variation for returns to land and management of the crop enterprises were: 50%, 
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49%, 51%, and 49% for the 2-yr cash, 2-yr integrated, 4-yr cash, and 4-yr integrated systems, 
respectively. 
Livestock Enterprises 
Approximately twice as many cattle could be supported each year on farm-raised feed in 
the 2-yr integrated system than in the 4-yr integrated system (Table 3), reflecting the greater 
proportion of land allocated to the primary feed ingredient (corn) in the 2-yr system. The cattle 
enterprise for the 2-yr integrated system involved finishing yearlings on rations that included 
corn grain, corn silage, and modified distiller’s grain (Appendix 9). In contrast, the cattle 
enterprise for the 4-yr integrated system involved backgrounding and then finishing calves on 
rations that included corn grain, oat silage, alfalfa hay, and modified distiller’s grain. Averaged 
across each growth cycle, the average daily gain was greater in the 2-yr integrated system than in 
the 4-yr integrated system (1.57 kg day-1 vs. 1.45 kg day-1) because the cattle could gain weight 
more quickly on the high-concentrate finishing diet than on the high-fiber backgrounding diet 
(Appendix 9). 
With more cattle produced each year, revenue and total costs were slightly more than 
double in the 2-yr integrated system than in the 4-yr integrated system (Table 3). Despite 
differences in the number of cattle raised between the two systems, fixed costs were similar. Two 
growth cycles in the 2-yr integrated system and one growth cycle in the 4-yr integrated system 
meant that facilities accommodated approximately the same herd size at a given time. Averaged 
over 2008-2015, the returns to land and management for the livestock enterprises were similar 
between the two systems (P=0.64) and slightly but not significantly negative (mean=$-94 ha-1, 
P=0.53; Table 3). 
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Whole-Farm Revenue, Costs, and Returns to Land and Management 
Revenue and costs were greatest for the 2-yr integrated system, intermediate for the 4-yr 
integrated system, and lowest for the 2-yr and 4-yr cash systems. Mean annual whole-farm 
returns to land and management ($861 ha-1, $783 ha-1, $783 ha-1, and $734 ha-1 for the 2-yr cash, 
2-yr integrated, 4-yr cash, and 4-yr integrated systems, respectively) did not differ among 
systems (P=0.83; Figure 2). Coefficients of variation in returns to land and management were: 
50%, 86%, 51%, and 74% for the 2-yr cash, 2-yr integrated, 4-yr cash, and 4-yr integrated 
systems, respectively. 
Farming system, crop price, grain yield, fertilizer nitrogen price, cattle price ratio (fed 
price: feeder price), and the interactions of grain yield with farming system and cattle price ratio 
with farming system explained 86% of variability in returns to land and management (Adjusted 
R2 = 0.858). Returns to land and management increased with crop price for all four systems 
(Table 4). Returns to land and management also increased with grain yield and cattle price ratio, 
but the magnitude of the responses depended on the farming system. Negative coefficient 
estimates for the interactions of the 4-yr cash and 4-yr integrated systems with grain yield 
demonstrate that the positive effect of grain yield on returns to land and management was less 
pronounced for the 4-yr systems. Moreover, positive coefficient estimates for the interactions of 
the 2-yr and 4-yr integrated systems with cattle price ratio show that the effect of cattle price 
ratio was more pronounced for the integrated systems than for the cash systems. In contrast, 
fertilizer nitrogen price had a negative effect on returns to land and management for all of the 
systems (Table 4).  
Figure 3 shows that returns to land and management largely reflected changes in crop 
prices over time, but were also mediated by the cattle price ratio and grain yield. The cash 
systems were particularly profitable when crop prices were high in 2012, while the integrated 
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systems performed better than the cash systems when the cattle price ratio was relatively high 
and crop prices were relatively low (as in 2014). Returns to land and management for all systems 
decreased when grain yields were low in 2013, and the integrated systems suffered losses when 
the cattle price ratio dipped in 2015. Although the relative fertilizer nitrogen price showed wide 
variation over the time period, its impact on returns to land and management was less apparent 
than the impacts of the other explanatory variables.  
Labor Distribution 
The labor requirements for field work increased with greater crop rotation diversity and 
with the integration of livestock (2-yr cash < 2-yr integrated < 4-yr cash < 4-yr integrated, Figure 
4). The stover harvest operations in the integrated systems led to greater labor requirements in 
the busy fall months relative to the corresponding cash systems. For the cash crop systems, the 
September and October field work hours were similar to the mean field hours available during 
those months in central Iowa (Hanna and Edwards 2014), whereas for the integrated systems, 
more than one person would be needed to accomplish necessary tasks within the field hours 
available. Field hours for the 4-yr systems were more evenly distributed over the year than for 
the corresponding 2-yr systems because oats and alfalfa require more labor in July and August 
than in September and October. Overall, the system with the least variable field work 
requirements was the 4-yr cash system (coefficients of variation shown in Figure 4 legend). 
The inclusion of a livestock enterprise approximately tripled total labor requirements for 
the 2-yr rotation and approximately doubled total labor requirements for the 4-yr rotation. 
Livestock integration led to more even distribution of total labor hours relative to corresponding 
cash crop systems (Figure 4). The integrated systems showed less variability in labor needs 
throughout the year because livestock care requires relatively consistent labor inputs throughout 
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the growth cycle, particularly for confinement operations (Euken et al. 2015). The 4-yr integrated 
system had the lowest variability in total labor hours among all systems (coefficients of variation 
shown in Figure 4 legend). 
Discussion 
Farming System Effects on Whole-Farm Profits 
We compared the profitability of integrated crop-livestock systems to cash grain systems 
for two crop rotations. The 2-yr cash and 4-yr cash systems derived 100% of their revenue from 
crop sales, whereas the 2-yr integrated and 4-yr integrated systems derived 23% and 37% of their 
revenue from crop sales and the remaining from livestock and manure. As of 2015, the majority 
of farms in Iowa (76%) derive at least half of their income from sales of corn and soybeans, 
suggesting that the 2-yr cash system is most representative of a typical farm operation in the 
region among the systems we compared (Plastina 2016). Averaged over the study period, the 2-
yr integrated, 4-yr cash, and 4-yr integrated systems generated similar returns to land and 
management as the dominant 2-yr cash grain system (Figure 2).  
Our finding that the diversified crop rotation (4-yr cash system) generated similar profits 
as the conventional crop rotation (2-yr cash system) corroborates the results of several other 
economic analyses (Karlen et al. 1995, Olmstead and Brummer 2008, Davis et al. 2012), which 
show similar or greater returns of a diversified crop rotation including corn, soybean, oats and 
alfalfa relative to a corn-soybean rotation. A recent economic analysis of the Marsden Farm 
rotations for 2008 through 2015 showed mean annual returns to land and management of 
approximately $900 ha-1 (Hunt et al. 2017), slightly higher than the mean returns to land and 
management that we calculated for crop enterprises ($837 ha-1). We calculated negative returns 
to land and management for the cattle enterprises ($-30 head-1 and -42 head-1 for the 2-yr and 4-
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yr integrated systems, respectively), a finding that was consistent with Iowa State University 
estimates for comparable enterprises ($-41 head-1 and $-40 head-1 for finishing yearling steers 
and backgrounding and finishing calves, respectively between 2008 and 2015; Schulz 2014). 
Assumptions regarding the cost of manure nutrients in crop enterprise budgets can 
drastically affect returns to land and management and the relative profitability of different 
farming systems. For example, Karlen et al. (1995) calculated a positive effect of crop rotation 
diversification on profitability when manure was obtained without charge and a negative effect 
when the full fertilizer replacement value of manure was considered (Karlen et al. 1995). Other 
economic analyses of the Marsden Farm rotations (Davis et al. 2012, Hunt et al. 2017) have not 
included manure nutrient costs because the material can be sourced locally and is generated in 
large enough quantities to be considered a waste product in need of disposal. In our economic 
analysis of integrated crop-livestock systems, the crop enterprise budgets included the full cost of 
nutrients; however, the manure fertilizer replacement value was effectively deducted from the 
whole farm balance because it was considered a revenue source in the livestock enterprise 
budgets. Therefore, because of different cost accounting of the manure as well as slight 
differences in harvested products (Table 1), the return to land and management for the crop 
enterprise of the 4-yr integrated system differs from the estimates reported in other Marsden 
Farm studies.   
Cost-Effectiveness of Farming System Diversification for Soil and Water Conservation 
Our results suggest that the conservation benefits associated with farming system 
diversification, including reduced nitrogen losses (Randall et al. 1997, Burkart et al. 2005), 
reduced soil erosion (Shiftlet and Darby 1985, Padbury and Stushnoff 2000, Burkart et al. 2005), 
increased soil organic matter (Drinkwater et al. 1998) and improved soil health (Lazicki et al. 
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2016, King and Hofmockel 2017), may be achieved while generating 85% (4-yr integrated) to 
91% (4-yr cash) of profits attained in a 2-yr cash system. Our finding that diversified farming 
systems incur little economic penalty corroborates findings reported in the Iowa Nutrient 
Reduction Strategy that adopting diversified crop rotations is one of the most cost-effective 
conservation methods for reduction of N losses (Iowa Nutrient Reduction Strategy 2016). In 
contrast, a recent economic comparison of nitrate reduction strategies for the Midwest U.S. 
found that diversified crop rotations are a relatively expensive conservation strategy 
(Christianson et al. 2013). However, in the Christianson et al. (2013) study, the returns to land 
and management for the diversified crop rotation may have been unreasonably low because: 1) 
the nitrogen rate used for corn following alfalfa was the same as the recommended rate for corn 
following soybean, rather than the substantially lower rate recommended for corn following 
alfalfa (Sawyer 2016), and 2) an oat crop was not included in the alfalfa establishment year and 
alfalfa was not harvested in the establishment year. 
Impact of Farming System Diversification on Risk and Uncertainty  
Similar returns to land and management were attained in different ways for the four 
farming systems in our study. The integrated crop-livestock systems generated greater whole-
farm revenues but also incurred greater costs than the cash crop systems (Figure 2) due primarily 
to greater revenue and costs for the livestock enterprises than for the crop enterprises (Figure 1 
and Table 3). Integrating cattle increased crop revenue, but also increased the costs of crop 
production, leading to no net effect on returns to land and management for the crop enterprises. 
Although all systems generated similar profits over 2008-2015, the lower costs of production for 
the cash crop systems may appeal to farmers with land access but otherwise limited capital. On 
the other hand, while our analysis did not consider start-up or transition costs, we speculate that 
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farmers who do not have access to land may be able to enter farming more easily through 
livestock production than crop production. Livestock enterprises do not require as much land and 
may offer producers greater flexibility in responding to commodity prices and labor demands 
than crop enterprises (Kay et al. 2012).    
Diversifying enterprises in a farm operation may reduce inter-annual variability in whole-
farm profits if the productivity of different enterprises and/or the prices of different products are 
poorly correlated (Bowman and Zilberman 2013). For example, the lack of correlation between 
yields of grain and forage crops within the 4-yr rotation indicates that forages could yield well 
even if grain crops yielded poorly in a given year (Appendix 10). The multiple regression 
analysis showed that grain yield had a larger impact on returns to land and management for the 
2-yr crop rotation than the 4-yr crop rotation (Table 4). However, the coefficients of variation for 
returns to land and management of the crop enterprises were similar for the 2-yr and 4-yr 
rotations, indicating that crop rotation diversification did not enhance economic stability over 
this time period.  
The lack of correlation between crop prices and cattle price ratios suggests that low prices 
for the crop enterprise were not accompanied by unfavorable market conditions for the livestock 
enterprise (Appendix 10). However, the poor correlation between crop prices and cattle price 
ratios did not result in lower inter-annual variability for the integrated crop-livestock system 
because the livestock enterprises tended to be more variable overall than the crop enterprises. 
That said, integrating crops and livestock could provide additional risk reduction benefits not 
considered in our economic analysis. For example, livestock can provide insurance against crop 
failure because a crop that cannot be sold to the market may still have feed value. Our study also 
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did not consider risk management strategies such as contracting of feed inputs and market risk 
tools (e.g., spreading sales, hedging, commodity options).  
Constraints to Adoption 
Our research shows that integrated crop-livestock systems can be equally profitable as a 
simple cash grain system, yet mixed crop and cattle operations have declined in Iowa over the 
past several decades. A 2009 survey of Iowa farm operators investigated potential reasons for the 
shift away from mixed systems to more specialized operations. Ninety-one percent of surveyed 
farmers identified the greater labor requirement for livestock production than for grain 
production as a major factor contributing to the decline in integrated crop-livestock systems, and 
92% of respondents agreed with the statement that “as farmers age, working with livestock 
becomes more difficult” (Arbuckle et al. 2009). The survey findings are consistent with our 
analysis of labor requirements, which showed 2.3-fold greater labor needs for the 4-yr integrated 
system than for the 2-yr cash system. That said, the 4-yr integrated system had the lowest 
coefficient of variation in total labor hours, meaning that for operations with permanent, full-
time employees, the 4-yr integrated system would result in the fewest underutilized hours during 
the year. In addition to greater labor requirements, our study showed that the 2-yr and 4-yr 
integrated systems had greater costs of production and exhibited greater inter-annual variability 
in returns to land and management than the cash systems. These factors may help to explain the 
decline in cattle numbers in this region and the associated decline in forage production.  
Conclusion 
We evaluated the economic feasibility of re-integrating crops and livestock in farming 
systems of the U.S. Corn Belt. We found that a diversified crop rotation with or without cattle 
generated similar profits as a simple cash crop system. Our study therefore suggests that 
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conservation benefits associated with diversified farming systems may be achieved with minimal 
profit loss. However, the diversified crop rotations required higher labor inputs, and when cattle 
were integrated into the operation, capital and labor requirements increased and economic 
stability decreased. These challenges may constrain adoption of integrated crop-livestock 
systems and the market for perennial forages in the region.    
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Tables and Figures 
Table 1. Products harvested from the four farming systems evaluated in this study and their 
intended use. 
Product 2-yr cash 2-yr 
integrated 
4-yr cash 4-yr 
integrated 
Corn grain Sold Fed Sold Fed 
Corn stover -- Beddinga -- Beddinga 
Corn silage -- Feda -- -- 
Soybean 
grain 
Sold Sold Sold Sold 
Oat grain -- -- Sold Sold 
Oat straw -- -- Sold Sold 
Oat silage -- -- -- Feda 
Alfalfa hay -- -- Sold Fed/soldb 
Fed cattle -- Solda -- Solda 
a Products that were not harvested in the Marsden Farm experiment.  
b A portion of the hay not used for feeding cattle was sold to the market. 
  
1
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Table 2. Mean annual gross revenue, costs, and profits for each crop within four farming systems.   
 2-yr cash 2-yr integrated 4-yr cash 4-yr integrated 
 Corn  Soy 
Corn 
grain 
Corn 
silage Soy Corn  Soy 
Oats/ 
alfalfa Alfalfa Corn  Soy 
Oat 
grain/ 
alfalfa 
Oat 
silage/ 
alfalfa Alfalfa 
Hectares of 
production 202 202 156 46 202 101 101 101 101 101 101 56 45 101 
 Revenue ($ ha-1) 
Grain 2200 1280 2240 -- 1360 2220 1450 730 -- 2270 1540 730 -- -- 
Hay -- -- -- -- -- -- -- 179 1540 -- -- 179 179 1540 
Stover, silage, 
or straw -- -- 126 2380 -- -- -- 241 -- 149 -- 241 1034 -- 
Total revenue 2200 1280 2370 2380 1360 2220 1450 1150 1540 2420 1540 1150 1210 1540 
 Costs ($ ha-1) 
Preharvest 
machinery 35.1 38.0 35.1 35.1 38.0 43.3 31.3 19.8 -- 43.3 31.3 19.8 19.8 -- 
Seed  288 124 288 278 124 288 124 203 -- 288 124 203 203 -- 
Fertilizera  304 111 351 304 113 177 139 144 280 232 140 144 144 280 
Herbicides, 
insecticides 103 38.0 103 103 38.0 103 38.0 -- -- 103 38.0 -- -- -- 
Crop 
insurance, 
misc. 74.5 51.6 74.5 74.5 51.6 74.5 56.4 12.1 -- 74.5 56.4 12.1 12.1 -- 
Interest on 
preharvest 
costs 31.7 14.2 33.5 31.2 14.3 27.0 15.3 15.0 11.1 29.2 15.3 15.0 15.0 11.1 
Harvest 56.9 32.0 96.0 399 32.3 59.2 32.6 123 133 93.1 33.0 132 137 209 
Drying  101 -- 103 -- -- 103 -- -- -- 105 -- -- -- -- 
Labor 26.6 26.1 42.1 12.4 26.1 31.7 25.5 57.5 59.2 44.0 25.6 59.7 28.2 65.2 
Total 
variable costs 1020 435 1130 1240 437 906 462 574 483 1010 464 585 559 563 
Machinery 151 151 175 175 175 201 201 201 201 205 205 205 205 205 
Total costs 1170 586 1300 1410 612 1110 663 775 684 1220 669 790 764 768 
 Profits ($ ha-1) 
Return to 
land and 
management 1020 698 1070 973 749 1110 790 375 852 1200 871 359 448 769 
a Fertilizer cost is calculated based on the price of commercial fertilizer and the recommended nutrient inputs for each crop, regardless 
of farming system. Note that the fertilizer replacement value of the manure in the integrated systems is represented as a revenue 
stream in the livestock enterprise budgets (Table 3) rather than as cost savings in the crop enterprise budgets. 
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Table 3. Mean annual gross revenue, costs, and profits for cattle enterprises of the integrated 
crop-livestock systems. Standard errors for total revenue, total costs, and returns to land and 
management are shown in parentheses.  
 2-yr integrated 4-yr integrated 
Number of cattle raised 1503 742 
 Revenue ($ ha-1) 
Fed steer sale 5900 2660 
Manure value 228 155 
Total revenue 6130 (454) 2820 (208) 
 Costs ($ ha-1) 
Calf purchase 4010 1440 
Interest on calf purchase 113 54.6 
Corn grain 887 584 
Modified distiller’s grain 126 51.4 
Oat silage -- 116 
Alfalfa hay -- 101 
Corn silage 279 -- 
Mineral/supplement 85.7 29.0 
Grinding/mixing feed 133 69.3 
Bedding 65.3 43.6 
Veterinary and health 73.5 45.5 
Marketing and miscellaneous 101 42.2 
Interest on feed and non-livestock 
costs 25.3 21.1 
Death loss 49.0 39.8 
Manure disposal 55.7 34.4 
Labor 51.5 34.4 
Total variable costs 6060 2710 
Facilities 189 186 
Total costs 6250 (451) 2890 (230) 
 Profits ($ ha-1) 
Return to land and management -113 (173) -75 (121) 
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Table 4. Analysis of covariance results for returns to land and management between 2008 and 
2015.  
Explanatory variable Estimate Standard 
error 
P value 
Intercept -4080 934 <0.001 
System-2-yr integrated -3830 1220 0.006 
System-4-yr cash   1980 1220 0.122 
System-4-yr integrated -1290 1220 0.305 
Crop price 1980 209 <0.001 
Grain yield 2590 572 <0.001 
Fertilizer N price -579 175 0.004 
Cattle price ratio 950 599 0.130 
System-2-yr integrated x grain yield 628 780 0.431 
System-4-yr cash x grain yield -1500 780 0.070 
System-4-yr integrated x grain yield -244 780 0.758 
System-2-yr integrated x cattle price 
ratio 
3120 839 0.002 
System-4-yr cash x cattle price ratio -560 839 0.513 
System-4-yr integrated x cattle price 
ratio 
1410 839 0.111 
For crop price, cattle price ratio (fed price: feeder price), grain yield, and fertilizer nitrogen price 
variables, we relativized the values from each year to the 2008-2015 mean and then averaged 
across crops (for crop price), growth cycles (for cattle price ratio), or crops and rotations (for 
grain yield). 
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Figure 1. Mean (±SE) annual gross revenue, variable and fixed costs, and returns to land and management for crop enterprises within 
four farming systems. Farming systems with the same lowercase letter have similar values within each transaction category (revenue, 
total costs, or returns) (P>0.05). 
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Figure 2. Mean (±SE) whole farm annual gross revenue, variable and fixed costs, and returns to land and management for four 
farming systems. Farming systems with the same lowercase letter have similar values within each transaction category (revenue, total 
costs, or returns) (P>0.05). 
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Figure 3. Annual returns to land and management for four farming systems over time (left panel) and crop prices, cattle price ratios 
(fed price: feeder price), grain yields, and fertilizer nitrogen prices over time relativized to 2008-2015 means (right panel). 
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Figure 4. Seasonal distribution of labor hours for four farming systems. Field hours are the labor hours used for crop enterprises. Total 
labor hours also include hours for the livestock enterprises. Black points represent the mean field hours in Central Iowa based on field 
days estimated by Hanna and Edwards (2014) and assuming 13, 15, 14, and 12 hours of daylight per day for Mar-April, May-June, 
July-Aug, and Sept-Oct, respectively. Coefficients of variation are shown in parentheses in the legend (for field hours and total hours, 
respectively). 
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Appendices 
Appendix 1. Observed and estimated crop yields of four farming systems evaluated in this study 
for 2008-2015. 
  Yield (Mg ha-1) 
Product 
Moisture,  
g kg-1 2008 2009 2010 2011 2012 2013 2014 2015 Mean 
  2-yr casha 
Corn grain 155 12.2 12.5 11.7 12.6 11.4 9.23 12.7 12.8 11.9 
Soybean 130 3.61 3.56 2.83 3.77 3.10 1.95 3.27 3.12 3.15 
  2-yr integratedb 
Corn grain 155 12.4 12.7 12.0 12.8 11.6 9.42 12.9 13.1     12.1  
Corn silagec 600 52.4 53.6 50.6 54.2 49.1 39.8 54.7 55.4     51.2 
Corn stoverd 200 3.93 4.02 3.79 4.06 3.68 2.98 4.10 4.15 3.84 
Soybean 130 3.83 3.77 3.00 4.0.0 3.28 2.06 3.46 3.30 3.34 
  4-yr cashb 
Corn grain 155 12.3 12.6 12.5 12.5 10.6 10.1 13.6 12.5     12.1 
Soybean 130 3.72 3.82 3.48 4.13 2.88 2.71 3.85 4.13 3.59 
Oat grain 140 3.19 3.68 3.53 3.47 4.36 1.66 3.57 3.71       3.40 
Oat straw 100 2.59 2.68 1.74 1.86 2.06 2.47 2.19 1.65       2.16 
First-year 
alfalfa hay 150 1.04 1.22 1.13 2.25 1.78 0.85 0.00 0.00       1.03 
Second-year 
alfalfa hay 150 9.75 5.58 11.86 8.93 12.62 9.55 6.94 7.41       9.08 
  4-yr integrateda 
Corn grain 155 12.5 12.8 12.7 12.8 10.8 10.3 13.9 12.8 12.3 
Corn stoverd 200 4.62 4.74 4.71 4.72 4.01 3.81 5.13 4.72 4.56 
Soybean 130 3.94 4.05 3.69 4.38 3.05 2.87 4.08 4.38 3.80 
Oat grain 140 3.19 3.68 3.53 3.47 4.36 1.66 3.57 3.71       3.40 
Oat straw 100 2.59 2.68 1.74 1.86 2.06 2.47 2.19 1.65       2.16 
Oat silagec 700 16.6 19.2 18.4 18.1 22.7 8.67 18.6 19.33     17.7 
First-year 
alfalfa hay 150 1.04 1.22 1.13 2.25 1.78 0.85 0.00 0.00       1.03 
Second-year 
alfalfa hay 150 9.75 5.58 11.9 8.93 12.6 9.55 7.41 7.41          9.08 
a Corn grain and soybean grain yields for the 2-yr cash system and corn grain, soybean grain, oat 
grain, oat straw, and alfalfa hay yields for the 4-yr integrated systems were measured in Marsden 
Farm experiment. 
b Corn and soybean yields for the 2-yr integrated system were increased by 2% and 6%, 
respectively relative to yields for the 2-yr cash system to account for manure additions; corn and 
soybean yields for the 4-yr cash system were decreased by 2% and 6%, respectively relative to 
yields for the 4-yr integrated system to account for lack of manure application.  
c Silage yields were calculated using allometric relationships described in Edwards (2008). 
d Stover yields were calculated assuming 50% harvest index and 30% (2-yr integrated system) or 
35% (4-yr integrated system) of the stover is baled.
  
1
5
7
 
Appendix 2. Crop marketing year prices, feedstuff prices, cattle prices, input costs, and other costs used for the 2008-2015 enterprise 
budgets.   
  2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Mean Source
a 
Product 
Moisture,  
g kg-1 Price of crop or feedstuff ($ Mg-1)  
Corn grain 155 169     161 141 206 244 272 177 146 138 -- 186 1 
Corn silage  600 42.6 40.7 35.6 51.9 61.5 68.7 44.5 36.8 34.7 -- 46.8 2 
Corn stover 200 44.1 44.1 44.1 44.1 44.1 44.1 44.1 44.1 44.1 -- 44.1 3 
Soybean 130 -- 375 350 412 463 529 481 366 318 -- 412 1 
Oat grain  140 -- 225 138 167 229 278 271 248 183 -- 218 1 
Oat straw  100 -- 101 88.2 87.1 101 158 142 114 99.2 -- 111 1 
Oat silage 700 51.3 61.3 37.7 45.5 62.4 75.7 73.6 67.5 49.7 -- 59.2 2 
Alfalfa  150 127 149 129 128 157 245 217 155 132 -- 164 1 
Mod dist grain  500 -- 82.5 56.9 56.7 104 131 126 76.1 73.8 -- 88.3 4 
Grinding/mixing feed  -- -- 9.48 10.8 10.3 11.2 11.4 11.4 12.3 11.9 -- 11.1 4 
Feed supplement  0 -- 353 353 353 353 353 353 353 353 -- 287 5 
Cattle weight class Month  Cattle price ($ Mg-1 live weight)  
Calf  November 2606 2360 2340 2730 3450 3530 4160 6520 -- -- 3461 4 
Yearling February -- 2310 2050 2200 2820 3460 3140 3710 4620 -- 3039 4 
Yearling  August -- 2500 2250 2530 3000 3070 3430 4920 4790 -- 3312 4 
Choice steer  July -- 2160 1820 2060 2480 2540 2670 3490 3280 -- 2561 4 
Choice steer  January -- -- 1850 1870 2330 2730 2760 3110 3650 2769 2631 4 
Input Units  ----------------------------------------------------- Input cost ---------------------------------------------------  
Diesel $ L-1 -- 0.73 0.66 0.59 0.74 0.86 0.86 0.83 0.71 -- 0.75 6 
N $ Mg-1 -- 1010 1500 728 1120 1390 1280 970 1040 -- 1124 6 
P2O5 $ Mg-1 -- 1100 1980 838 1300 1410 1060 948 1060 -- 1213 6 
K2O $ Mg-1 -- 595 1587 948 1040 1210 1100 904 904 -- 1036     6 
Lime $ Mg-1 -- 21.5 22.4 22.5 24.6 26.1 26.7 28.0 28.0 -- 25.0 1 
Corn seed $ ha-1 -- 182 271 298 281 294 315 327 334 -- 288 6 
Corn silage seed $ ha-1 -- 161 240 293 277 290 310 322 329 -- 278 6 
Soybean seed  $ ha-1 -- 91.9 133 124 111 143 124 126 136 -- 124 6 
Oats seed $ ha-1 -- 32.1 37.3 39.5 38.1 42.0 44.9 49.7 50.1 -- 41.7 6 
Alfalfa seed $ ha-1 -- 148 156 172 150 143 153 171 195 -- 161 6 
Corn herbicide $ ha-1 -- 108 100 112 107 108 96.5 97.6 96.9 -- 103 7 
Soybean herbicide $ ha-1 -- 30.7 38.2 19.6 22.6 15.5 46.7 72.7 58.1 -- 38.0 7 
 Units  Other costs  
Labor $ hour-1 -- 11.0 11.0 11.0 11.6 11.7 12.3 13.0 13.0 -- 11.8 6 
Land $ ha-1 -- 556 573 549 605 726 778 811 771 -- 671 6 
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Appendix 2 continued. 
  2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Mean Sourcea 
Product 
Moisture,  
g kg-1 Price of crop or feedstuff ($ Mg-1)  
Interest rate percent -- 8.00 6.25 6.50 6.00 5.70 5.30 5.00 5.00 -- 5.97 6 
Corn insurance, 2-yr $ ha-1 -- 37.1 55.6 42.0 40.8 61.8 66.7 53.1 36.1 -- 49.1 6 
Soybean insurance, 2-yr $ ha-1 -- 19.8 30.9 27.2 25.5 34.6 37.1 33.4 22.0 -- 28.8 6 
Soybean insurance, 4-yr $ ha-1 -- 19.8 34.0 27.2 25.5 38.3 42.0 37.1 24.5 -- 31.0 6 
Oats insurance $ ha-1 -- 12.4 12.4 12.4 12.4 12.4 13.6 12.4 9.39 -- 12.1 6 
Corn misc costs $ ha-1 -- 24.7 24.7 24.7 24.7 24.7 24.7 27.2 27.2 -- 25.3 6 
Soybean misc costs, 2-yr $ ha-1 -- 22.2 22.2 22.2 22.2 22.2 22.2 24.7 24.7 -- 22.9 6 
Soybean misc costs, 4-yr $ ha-1 -- 24.7 24.7 24.7 24.7 24.7 24.7 27.2 27.2 -- 25.3 6 
Custom silage harvest 
and storage $ Mg-1 -- 7.31 6.00 5.68 7.96 8.26 8.71 8.87 9.59 -- 7.79 8 
Custom lime application $ Mg-1 -- 7.05 7.72 6.72 6.45 6.94 6.94 7.77 6.89 --  7.06 8 
a 1 = USDA NASS 2016 (Marketing year averages), 2 = Edwards 2008, 3 = Euken et al. 2015, 4 = USDA AMS, 5 = Schulz et al. 
2015, 6 = Duffy and Smith 2008-2009, Duffy 2010-2014, Plastina 2015, 7 = Ann Johanns, personal communication, 8 = Edwards 
2008-2014 and Plastina et al. 2015. 
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Appendix 3. Pre-harvest and harvest operations used for each crop phase of four farming systems. 
  2-yr cash 2-yr integrated 4-yr cash 4-yr integrated 
Operation Timing of operation 
Corn  Soy 
Corn 
grain 
Corn 
silag
e Soy Corn  Soy 
Oats/ 
alfalfa Alfalfa Corn  Soy 
Oat 
grain/ 
alfalfa 
Oat 
silage/ 
alfalfa 
Alfalf
a 
  Pre-harvest operations 
Moldboard plow Sept-Oct      X    X     
Chisel plow Sept-Oct  X   X  X    X    
Disk Mar-April X  X X  X  X  X  X X  
Field cult Mar-April X X X X X X X   X X    
Plant May-June X X X X X X X   X X    
Drill Mar-April        X    X X  
Spray May-June X X 2 X X X 2 X X 2   X X 2    
Apply ferta Mar-April x  X X  X    X     
Apply manure Sept-Oct   X X      X     
  Harvest operations 
Combine July-Aug (oats)/Sept-Oct  X X X  X X X X  X X X   
Grain cart July-Aug (oats)/Sept-Oct X X X  X X X X  X X X   
Haul grain July-Aug (oats)/Sept-Oct X X X  X X X X  X X X   
Auger July-Aug (oats)/Sept-Oct X X X  X X X X  X X X   
Chop stalks Sept-Oct   X       X     
Bale stover Sept-Oct   X       X     
Haul stover Sept-Oct   X       X     
Custom harvest 
silage 
July-Aug (oats)/Sept-Oct 
   X         X  
Custom haul 
silage 
July-Aug (oats)/Sept-Oct 
   X         X  
Custom store 
silage 
July-Aug (oats)/Sept-Oct 
   X         X  
Rotary mow July-Aug        X    X   
Rake straw July-Aug        X    X   
Bale straw July-Aug        X    X   
Haul straw July-Aug        X    X   
Mow/condition 
hay 
May-Oct 
       X X 3   X X X 3 
Rake hay May-Oct        X X 3   X X X 3 
Bale hay May-Oct        X X 3   X X X 3 
Haul hay May-Oct        X X 3   X X X 3 
a Fertilizer applications were made during the corn phase but included adequate nutrients for all subsequent crop phases. 
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Appendix 4. Hours of use and implement assumptions for machinery cost calculations.  
Operation 
Implement 
size (m) 
Effective field 
capacity (ha 
hour-1)a 
Labor (hour 
ha-1)a 
Area 
(ha) 
Implement 
annual use 
(hours) 
Power 
unit 
no.b 
Power 
unit 
annual 
use 
(hours)c 
Implement 
original 
purchase 
price ($)d 
Implement 
list price of 
new 
machine 
($)d 
Implement 
age when 
purchased 
(years) d 
Implement 
current age 
(years) 
Implement 
ownership 
remaining 
(years) 
 2-yr cash 
Apply fert  12.2 8.3 0.12 202 25 1 248 10,000 20,000 10 15 5 
Chisel plow  5.0 3.6 0.27 202 56 2 263 10,000 22,000 10 15 5 
Disk 6.4 5.1 0.19 202 39 2 263 10,000 22,000 10 15 5 
Field cult 8.2 7.7 0.13 405 53 2 263 10,000 22,000 10 15 5 
Plant 6.1 3.2 0.31 405 127 1 248 20,000 40,000 5 10 5 
Spray  13.7 8.6 0.12 607 70 1 248 3,500 14,000 10 15 5 
Combine corn 6.1 2.8 0.35 202 71 3 119 20,000 50,000 10 15 5 
Combine 
soybean 9.1 4.2 0.24 202 48 3 119 12,000 50,000 10 15 5 
Grain cart 3.0 x 3.7 3.5 0.28 405 115 2 263 7,000 13,500 10 15 5 
Auger 
Diam: 0.25 
Length: 25  15.4 0.00 405 26 1 248 - - - - - 
 2-yr integrated 
Apply fert 12.2 8.3 0.12 202 25 1 190 10,000 20,000 10 15 5 
Chisel plow  5.0 3.6 0.27 202 56 2 263 10,000 22,000 10 15 5 
Disk  6.4 5.1 0.19 202 39 2 263 10,000 22,000 10 15 5 
Field cult 8.2 7.7 0.13 405 53 2 263 10,000 22,000 10 15 5 
Plant 6.1 3.2 0.31 405 127 1.2 279 20,000 40,000 5 10 5 
Spray  13.7 8.6 0.12 607 70 1 190 3,500 14,000 10 15 5 
Combine corn 6.1 2.8 0.35 202 71 3 119 20,000 50,000 10 15 5 
Combine 
soybean 9.1 4.2 0.24 202 48 3 119 12,000 50,000 10 15 5 
Grain cart 3.0 x 3.7 3.5 0.28 405 115 2 263 7,000 13,500 10 15 5 
Auger 
Diam: 0.25 
Length: 25  15.0 0.00 405 27 1.2 279 - - - - - 
Chop corn 
stalks 4.6 4.1 0.24 202 49 1.2 279 10,000 20,000 10 15 5 
Bale stover -- 1.6 0.63 202 95 1 190 16,000 37,500 5 10 5 
Haul stover -- 2.0 0.50 202 76 1.2 279 3,000 5,000 10 15 5 
 4-yr cash 
Apply fert 12.2 8.3 0.12 101 12 1 229 10,000 20,000 10 15 5 
Moldboard 
plow  3.7 2.5 0.40 101 40 2 248 10,000 22,000 10 15 5 
Disk  6.4 5.1 0.19 202 39 2 248 10,000 22,000 10 15 5 
Field cult  8.2 7.7 0.13 202 26 2 248 10,000 22,000 10 15 5 
Chisel plow  5.0 3.6 0.27 101 28 2 248 10,000 22,000 10 15 5 
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Appendix 4 continued. 
Operation 
Implement 
size (m) 
Effective field 
capacity (ha 
hour-1)a 
Labor (hour 
ha-1)a 
Area 
(ha) 
Implement 
annual use 
(hours) 
Power 
unit 
no.b 
Power 
unit 
annual 
use 
(hours)c 
Implement 
original 
purchase 
price ($)d 
Implement 
list price of 
new 
machine 
($)d 
Implement 
age when 
purchased 
(years) d 
Implement 
current age 
(years) 
Implement 
ownership 
remaining 
(years) 
 4-yr cash 
Plant  6.1 3.2 0.31 202 63 1.2 267 20,000 40,000 5 10 5 
Drill  4.6 3.1 0.33 101 33 2 248 12,500 40,000 10 15 5 
Spray  13.7 8.6 0.12 304 35 1 229 3,500 14,000 10 15 5 
Combine corn 6.1 2.8 0.35 101 36 3 84 20,000 50,000 10 15 5 
Combine 
soybean 9.1 4.2 0.24 101 24 3 84 12,000 50,000 10 15 5 
Combine oats 9.1 4.2 0.24 101 24 3 84 12,000 50,000 10 15 5 
Grain cart  3.0 x 3.7 3.7 0.27 304 81 2 248 7,000 13,500 10 15 5 
Auger 
Diam: 0.25 
Length: 25 16.0 0.00 304 19 1.2 267 - - - - - 
Rotary mow 
oat stubble 3.7 3.4 0.29 101 29 1 229 5,500 15,000 10 15 5 
Mow/conditio
n hay 2.7 2.5 0.39 405 159 1.3 280 10,000 26,000 5 10 5 
Rake hay  2.7 2.2 0.46 405 185 1.2 267 850 3,350 10 15 5 
Bale oat 
straw, hay -- 3.3 0.30 506 152 1 229 16,000 37,500 5 10 5 
Haul oat 
straw, hay -- 4.2 0.24 506 122 1.3 280 3,000 5,000 10 15 5 
 4-yr integrated 
Apply fert 12.2 8.3 0.12 101 12 1 285 10,000 20,000 10 15 5 
Moldboard 
plow  3.7 2.5 0.40 101 40 2 248 10,000 22,000 10 15 5 
Disk  6.4 5.1 0.19 202 39 2 248 10,000 22,000 10 15 5 
Field cult  8.2 7.7 0.13 202 26 2 248 10,000 22,000 10 15 5 
Chisel plow  5.0 3.6 0.27 101 28 2 248 10,000 22,000 10 15 5 
Plant  6.1 3.2 0.31 202 63 1.2 268 20,000 40,000 5 10 5 
Drill  4.6 3.1 0.33 101 33 2 248 12,500 40,000 10 15 5 
Spray  13.7 8.6 0.12 304 35 1 285 3,500 14,000 10 15 5 
Combine corn 6.1 2.8 0.35 101 36 3 84 20,000 50,000 10 15 5 
Combine 
soybean 9.1 4.2 0.24 101 24 3 84 12,000 50,000 10 15 5 
Combine oats 9.1 4.2 0.24 101 24 3 84 12,000 50,000 10 15 5 
Grain cart  3.0 x 3.7 3.7 0.27 304 81 2 248 7,000 13,500 10 15 5 
Auger  
Diam: 0.25 
Length: 25 15.7 0.00 304 19 1.2 268 - - - - - 
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Appendix 4 continued. 
Operation 
Implement 
size (m) 
Effective field 
capacity (ha 
hour-1)a 
Labor (hour 
ha-1)a 
Area 
(ha) 
Implement 
annual use 
(hours) 
Power 
unit 
no.b 
Power 
unit 
annual 
use 
(hours)c 
Implement 
original 
purchase 
price ($)d 
Implement 
list price of 
new 
machine 
($)d 
Implement 
age when 
purchased 
(years) d 
Implement 
current age 
(years) 
Implement 
ownership 
remaining 
(years) 
 4-yr integrated 
Rotary mow 
oat stubble 3.7 3.4 0.29 101 29 1 285 5,500 15,000 10 15 5 
Mow/conditio
n hay 2.7 2.5 0.39 405 159 1.3 350 10,000 26,000 5 10 5 
Rake hay 2.7 2.2 0.46 405 185 1.2 268 850 3,350 10 15 5 
Bale oat 
straw, hay, 
stover -- 2.8 0.36 607 208 1 285 16,000 37,500 5 10 5 
Haul oat 
straw, hay, 
stover -- 3.5 0.28 607 167 1.3 350 3,000 5,000 10 15 5 
Chop corn 
stalks 4.6 4.1 0.24 101 25 1.3 350 10,000 20,000 10 15 5 
Interest rates used in the machinery cost calculations are shown in Appendix 2. 
a From Hanna 2002. Combine field capacity assumes unloading on the go. Field capacity of auger calculated assuming 159 m3 hour-1 
efficiency.  For operations with effective field capacities presented in units of mass harvested per hour (auger, baling, hauling oat 
straw, alfalfa, and stover), conversions were made to ha harvested per hour- using 2008-2015 mean yields. Labor hours are the inverse 
of field capacity. Auger labor hours are included in grain hauling (Appendix 6). 
b See Appendix 5. 
c Calculated as sum of operations that the power unit is used for within each system. 
d Determined using representative machinery prices from http://www.tractorhouse.com/ or Heartland Communications Group (2016). 
Auger ownership and operating costs were estimated using Iowa State University’s Costs of Crop Production (see Appendices 7 and 
8). 
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Appendix 5. Power unit assumptions for machinery cost calculations.  
Power unit 
no. Type 
Power unit 
power (kW) 
Power unit 
purchase 
price ($)a 
Power unit 
list price of 
comparable 
new 
machine ($)a 
Power unit 
age when 
purchased 
(years) 
Power unit 
current age 
(years) 
Power unit 
ownership 
remaining 
(years) 
Power unit 
accumulated 
use (hours) 
1, 1.2, 1.3 
4-wheel drive 
tractor 90 30,000 78,000 10 15 5 7000 
2 
4-wheel drive 
tractor 123 60,000 120,000 10 15 5 7000 
3 Combine 164 60,000 300,000 10 15 5 2250 
Interest rates used in the machinery cost calculations are shown in Appendix 2. 
a Prices estimated using prices of representative machinery from http://www.tractorhouse.com or Heartland Communications Group 
(2016). 
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Appendix 6. Hours of use and truck and trailer assumptions for grain hauling cost calculations.  
System 
Effective 
field 
capacity 
(ha hour-
1)a 
Labor 
(hours ha-1)a 
Area 
(ha) 
Annu
al use 
(hour
s) 
Purchas
e price 
($) 
Salvag
e value 
($) 
Annu
al 
cost 
of 
repair
s ($) 
Expected 
ownershi
p period 
(years) 
Tire 
lifetime 
(km) 
Tire 
replacem
ent costb 
($) 
Fuel 
efficienc
y 
(miles/g
allon) 
Annual 
cost of 
license 
($) 
Annual 
cost of 
insuranc
e ($) 
     Trailer 
2-yr cash 2.71 0.37 405 149 25,000 7,500 500 10 161,000 262    
2-yr 
integrated 2.71 0.37 405 149 25,000 7,500 500 10 161,000 262 
   
4-yr cash 2.87 0.35 304 105 25,000 7,500 500 10 161,000 262    
4-yr 
integrated 2.87 0.35 304 105 25,000 7,500 500 10 161,000 262 
   
     Truck 
All     20,000 6,000 2,000 10 322,00 400 2.55  1750 1250 
Interest rates used in the grain hauling cost calculations are shown in Appendix 2. 
a Labor hours include hours for combining (because grain is unloaded on the go), hours for hauling grain 1.6 km round-trip, and hours 
for running auger to unload grain. Calculations assume 65 km hour-1 speed and a trailer size of 35.2 m3. Effective field capacity is the 
inverse of labor hours.  
b Replacement cost for each tire; trailer assumed to have eight tires and truck assumed to have ten tires. 
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Appendix 7. Annual machinery operating costs (includes power unit and implement).  
Cost ($ ha-1) 
Operation 2008 2009 2010 2011 2012 2013 2014 2015 Mean 
2-yr cash 
Apply fert  3.88 3.71 3.51 3.93 4.25 4.25 4.18 3.85 3.95 
Chisel plow  9.88 9.32 8.72 9.98 11.0 11.0 10.8 9.76 10.1 
Disk 6.35 5.96 5.54 6.42 7.17 7.17 6.99 6.28 6.47 
Field cult 4.45 4.18 3.90 4.50 4.99 4.99 4.89 4.40 4.55 
Plant 16.8 16.3 15.8 16.9 17.7 17.7 17.5 16.7 16.9 
Spray 3.19 3.01 2.84 3.24 3.53 3.53 3.48 3.16 3.26 
Combine corn 26.5 25.5 24.5 26.7 28.4 28.4 28.0 26.3 26.8 
Combine soybean 17.4 16.8 16.1 17.5 18.8 18.8 18.5 17.3 17.6 
Grain cart 9.07 8.48 7.88 9.19 10.3 10.3 10.0 8.95 9.27 
Augera 6.10 6.20 5.66 6.33 8.43 6.52 7.12 6.82 6.75 
Dryera 100 112 94.3 143 86.1 69.8 105 97.1 100 
Haul graina 6.65 6.72 6.13 6.89 6.13 4.74 6.75 6.72 6.35 
2-yr integrated 
Apply fert 3.88 3.71 3.51 3.93 4.25 4.25 4.18 3.85 3.95 
Chisel plow  9.88 9.32 8.72 9.98 11.0 11.0 10.8 9.76 10.1 
Disk  6.35 5.96 5.54 6.42 7.17 7.17 6.99 6.28 6.47 
Field cult 4.45 4.18 3.90 4.50 4.99 4.99 4.89 4.40 4.55 
Plant 16.8 16.3 15.8 16.9 17.7 17.7 17.5 16.7 16.9 
Spray  3.19 3.01 2.84 3.24 3.53 3.53 3.48 3.16 3.26 
Combine corn 26.5 25.5 24.5 26.7 28.4 28.4 28.0 26.3 26.8 
Combine soybean 17.4 16.8 16.1 17.5 18.8 18.8 18.5 17.3 17.6 
Grain cart 9.07 8.48 7.88 9.19 10.25 10.25 10.03 8.95 9.27 
Augera 6.28 6.38 5.81 6.52 8.67 6.70 7.31 7.02 6.94 
Dryera 102 114 96.2 145 87.8 71.2 107 99.0 102 
Haul graina 6.65 6.75 6.13 6.89 6.13 4.74 6.75 6.72 6.35 
Chop corn stalks 7.98 7.61 7.24 8.06 8.70 8.70 8.57 7.91 8.11 
Bale stover 22.4 21.7 21.0 22.6 23.9 23.9 23.6 22.3 22.7 
Haul stover 8.03 7.46 6.89 8.15 9.17 9.17 8.95 7.93 8.23 
4-yr cash 
Apply fert 3.61 3.43 3.24 3.66 3.98 3.98 3.90 3.58 3.66 
Moldboard plow 14.2 13.4 12.6 14.4 15.9 15.9 15.5 14.0 14.5 
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Appendix 7 continued. 
Cost ($ ha-1) 
Operation 2008 2009 2010 2011 2012 2013 2014 2015 Mean 
4-yr cash 
Disk  6.35 5.96 5.54 6.42 7.17 7.17 6.99 6.28 6.47 
Field cult  4.00 3.73 3.46 4.05 4.55 4.55 4.42 3.93 4.08 
Chisel plow 9.34 8.77 8.20 9.46 10.5 10.5 10.3 9.24 9.54 
Plant  11.4 10.9 10.4 11.4 12.3 12.3 12.1 11.3 11.5 
Drill 13.1 12.5 11.8 13.3 14.5 14.5 14.2 13.0 13.3 
Spray 3.04 2.84 2.67 3.06 3.39 3.39 3.31 2.99 3.09 
Combine corn 25.1 24.2 23.2 25.3 27.1 27.1 26.7 24.9 25.5 
Combine soybean, oats 16.9 16.2 15.5 17.0 18.2 18.2 17.9 16.8 17.1 
Grain cart  8.43 7.88 7.31 8.55 9.54 9.54 9.32 8.33 8.60 
Augera 5.58 5.93 5.76 5.88 8.25 6.13 7.07 6.60 6.50 
Dryera 101 113 100 142 80.3 76.4 113 94.5 102 
Haul graina 8.35 8.85 8.57 8.82 8.25 6.13 9.22 8.97 8.40 
Rotary mow  7.51 7.07 6.62 7.59 8.38 8.38 8.20 7.41 7.64 
Mow/condition  11.7 11.1 10.5 11.8 12.8 12.8 12.6 11.5 11.9 
Rake  9.66 8.97 8.28 9.81 11.1 11.1 10.8 9.51 9.88 
Bale oat straw, alfalfa 17.1 16.6 16.2 17.2 18.0 18.0 17.8 17.0 17.2 
Haul oat straw, alfalfa 5.24 4.87 4.50 5.31 5.96 5.96 5.81 5.16 5.36 
4-yr integrated 
Apply fert 3.61 3.43 3.24 3.66 3.98 3.98 3.90 3.58 3.66 
Moldboard plow 14.2 13.4 12.6 14.4 15.9 15.9 15.5 14.0 14.5 
Disk  6.35 5.96 5.54 6.42 7.17 7.17 6.99 6.28 6.47 
Field cult  4.00 3.73 3.46 4.05 4.55 4.55 4.42 3.93 4.08 
Chisel plow  9.34 8.77 8.20 9.46 10.5 10.5 10.3 9.24 9.54 
Plant  11.4 10.9 10.4 11.4 12.3 12.3 12.1 11.3 11.5 
Drill  13.1 12.5 11.8 13.3 14.5 14.5 14.2 13.0 13.3 
Spray  3.04 2.84 2.67 3.06 3.39 3.39 3.31 2.99 3.09 
Combine corn 25.1 24.2 23.2 25.3 27.1 27.1 26.7 24.9 25.5 
Combine soybean, oats 16.9 16.2 15.5 17.0 18.2 18.2 17.9 16.8 17.1 
Grain cart  8.43 7.88 7.31 8.55 9.54 9.54 9.32 8.33 8.60 
Augera 5.71 6.05 5.86 6.00 8.40 6.25 7.22 6.75 6.62 
Dryera 103 115 102 145 81.9 77.9 115 96.4 104 
Haul graina 8.38 8.85 8.57 8.82 8.23 6.13 9.22 8.97 8.40 
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Appendix 7 continued. 
Cost ($ ha-1) 
Operation 2008 2009 2010 2011 2012 2013 2014 2015 Mean 
4-yr integrated 
Rotary mow  7.51 7.07 6.62 7.59 8.38 8.38 8.20 7.41 7.64 
Mow/condition  11.7 11.1 10.5 11.8 12.8 12.8 12.6 11.5 11.9 
Rake  9.66 8.97 8.28 9.81 11.1 11.1 10.8 9.51 9.88 
Bale oat straw, alfalfa, stover 20.8 20.3 19.8 21.0 21.9 21.9 21.7 20.7 21.0 
Haul oat straw, alfalfa, stover 6.03 5.61 5.19 6.10 6.87 6.87 6.70 5.93 6.15 
Chop corn stalks 6.40 6.03 5.66 6.47 7.14 7.14 6.99 6.33 6.52 
Costs were estimated from the year of purchase to the end of ownership period using Iowa State University’s Machinery Cost 
Calculator (Edwards 2015). 
a Costs per mass of harvested product were converted to costs per hectare using grain yields for each year. Auger and dryer costs were 
collected from Duffy and Smith 2008-2009, Duffy 2010-2014, and Plastina 2015.  
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Appendix 8. Annual machinery fixed costs.  
Cost ($ ha-1) 
Operation 2008 2009 2010 2011 2012 2013 2014 2015 Mean 
2-yr cash 
Apply fert 4.00 3.48 3.56 3.43 3.34 3.21 3.14 3.14 3.41 
Chisel plow  3.56 3.06 3.11 2.99 2.89 2.79 2.69 2.69 2.97 
Disk 4.99 4.45 4.52 4.35 4.27 4.13 4.03 4.03 4.35 
Field cult 4.99 4.45 4.52 4.35 4.27 4.13 4.03 4.03 4.35 
Plant 8.43 7.36 7.51 7.22 7.04 6.80 6.62 6.62 7.19 
Spray  1.41 1.24 1.26 1.21 1.16 1.14 1.09 1.09 1.19 
Combine corn 11.7 10.5 10.7 10.4 10.2 9.86 9.66 9.66 10.3 
Combine soybean 6.99 6.28 6.38 6.18 6.05 5.88 5.76 5.76 6.15 
Grain cart 3.39 3.01 3.06 2.94 2.89 2.79 2.72 2.72 2.94 
Augera 4.57 4.65 4.25 4.74 4.77 3.71 5.58 4.97 4.67 
Dryera 19.1 19.6 18.5 24.8 22.4 18.2 25.0 25.3 21.6 
Haul grain 22.3 20.8 21.0 20.6 20.4 20.0 19.8 19.8 20.6 
Power unit 1 12.6 11.5 11.6 11.3 11.1 10.9 10.7 10.7 11.3 
Power unit 2 25.1 23.0 23.3 22.7 22.3 21.8 21.4 21.4 22.6 
Power unit 3 29.9 28.0 28.2 27.7 27.4 26.9 26.6 26.6 27.7 
2-yr integrated 
Apply fert 4.00 3.48 3.56 3.43 3.34 3.21 3.14 3.14 3.41 
Chisel plow 3.56 3.06 3.11 2.99 2.89 2.79 2.69 2.69 2.97 
Disk 4.99 4.45 4.52 4.35 4.27 4.13 4.03 4.03 4.35 
Field cult 4.99 4.45 4.52 4.35 4.27 4.13 4.03 4.03 4.35 
Plant 8.43 7.36 7.51 7.22 7.04 6.80 6.62 6.62 7.19 
Spray  1.41 1.24 1.26 1.21 1.16 1.14 1.09 1.09 1.19 
Combine corn 11.7 10.5 10.7 10.4 10.2 9.86 9.66 9.66 10.3 
Combine soybean 6.99 6.28 6.38 6.18 6.05 5.88 5.76 5.76 6.15 
Grain cart 3.39 3.01 3.06 2.94 2.89 2.79 2.72 2.72 2.94 
Augera 4.72 4.79 4.37 4.89 4.92 3.81 5.73 5.09 4.79 
Dryera 19.5 20.0 18.9 25.3 22.9 18.5 25.5 25.8 22.1 
Haul grain 22.3 20.8 21.0 20.6 20.4 20.0 19.8 19.8 20.6 
Chop corn stalks 4.03 3.51 3.58 3.43 3.36 3.24 3.14 3.14 3.43 
Bale stover 8.03 7.12 7.26 6.99 6.84 6.65 6.50 6.50 6.99 
Haul stover 1.46 1.28 1.31 1.26 1.24 1.19 1.16 1.16 1.26 
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Appendix 8 continued. 
Cost ($ ha-1) 
Operation 2008 2009 2010 2011 2012 2013 2014 2015 Mean 
2-yr integrated 
Power unit 1 12.5 11.4 11.6 11.3 11.1 10.8 10.7 10.7 11.3 
Power unit 1.2 12.6 11.5 11.6 11.3 11.1 10.9 10.7 10.7 11.3 
Power unit 2 25.1 23.0 23.3 22.7 22.3 21.8 21.4 21.4 22.6 
Power unit 3 29.9 28.0 28.2 27.7 27.4 26.9 26.6 26.6 27.7 
4-yr cash 
Apply fert 4.00 3.48 3.56 3.43 3.34 3.21 3.14 3.14 3.41 
Moldboard plow  3.56 3.06 3.11 2.99 2.89 2.79 2.69 2.69 2.97 
Disk  4.99 4.45 4.52 4.35 4.27 4.13 4.03 4.03 4.35 
Field cult  4.99 4.45 4.52 4.35 4.27 4.13 4.03 4.03 4.35 
Chisel plow 3.56 3.06 3.11 2.99 2.89 2.79 2.69 2.69 2.97 
Plant  8.43 7.36 7.51 7.22 7.04 6.80 6.62 6.62 7.19 
Drill  5.02 4.37 4.47 4.27 4.18 4.03 3.90 3.90 4.27 
Spray  1.41 1.24 1.26 1.21 1.16 1.14 1.09 1.09 1.19 
Combine corn 11.7 10.5 10.6 10.3 10.1 9.81 9.61 9.61 10.3 
Combine soybean, oats 6.97 6.25 6.35 6.13 6.03 5.86 5.73 5.73 6.13 
Grain cart  3.39 3.01 3.06 2.94 2.89 2.79 2.72 2.72 2.94 
Augera 4.20 4.45 4.30 4.42 4.67 3.46 5.54 4.79 4.50 
Dryera 19.3 19.8 19.7 24.6 20.9 19.9 26.8 24.6 22.0 
Haul grain 22.3 20.8 21.0 20.6 20.4 20.0 19.8 19.8 20.6 
Rotary mow  2.22 1.93 1.98 1.90 1.85 1.78 1.73 1.73 1.88 
Mow/condition 4.23 3.71 3.78 3.63 3.53 3.41 3.34 3.34 3.61 
Rake  0.40 0.37 0.37 0.35 0.35 0.35 0.32 0.32 0.35 
Bale oat straw, alfalfa 8.03 7.12 7.26 6.99 6.84 6.65 6.50 6.50 6.99 
Haul oat straw, alfalfa 1.46 1.28 1.31 1.26 1.24 1.19 1.16 1.16 1.26 
Power unit 1 12.6 11.5 11.6 11.3 11.1 10.9 10.7 10.7 11.3 
Power unit 1.2 12.6 11.5 11.6 11.3 11.1 10.9 10.7 10.7 11.3 
Power unit 1.3 12.6 11.5 11.6 11.3 11.2 10.9 10.7 10.7 11.3 
Power unit 2 25.1 23.0 23.3 22.6 22.3 21.8 21.4 21.4 22.6 
Power unit 3 29.7 27.7 27.9 27.4 27.0 26.6 26.2 26.2 27.4 
4-yr integrated 
Apply fert 4.00 3.48 3.56 3.43 3.34 3.21 3.14 3.14 3.41 
Moldboard plow  3.56 3.06 3.11 2.99 2.89 2.79 2.69 2.69 2.97 
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Appendix 8 continued. 
Cost ($ ha-1) 
Operation 2008 2009 2010 2011 2012 2013 2014 2015 Mean 
4-yr integrated 
Disk  4.99 4.45 4.52 4.35 4.27 4.13 4.03 4.03 4.35 
Field cult  4.99 4.45 4.52 4.35 4.27 4.13 4.03 4.03 4.35 
Chisel plow 3.56 3.06 3.11 2.99 2.89 2.79 2.69 2.69 2.97 
Plant  8.43 7.36 7.51 7.22 7.04 6.80 6.62 6.62 7.19 
Drill  5.02 4.37 4.47 4.27 4.18 4.03 3.90 3.90 4.27 
Spray  1.41 1.24 1.26 1.21 1.16 1.14 1.09 1.09 1.19 
Combine corn 11.7 10.5 10.6 10.3 10.1 9.81 9.61 9.61 10.3 
Combine soybean, oats 6.97 6.25 6.35 6.13 6.03 5.86 5.73 5.73 6.13 
Grain cart  3.39 3.01 3.06 2.94 2.89 2.79 2.72 2.72 2.94 
Augera 4.27 4.55 4.40 4.52 4.74 3.56 5.66 4.89 4.57 
Dryera 19.7 20.2 20.1 25.1 21.3 20.3 27.3 25.1 22.4 
Haul grain 22.3 20.8 21.0 20.6 20.4 20.0 19.8 19.8 20.6 
Rotary mow oat stubble 2.22 1.93 1.98 1.90 1.85 1.78 1.73 1.73 1.88 
Mow/condition 4.23 3.71 3.78 3.63 3.53 3.41 3.34 3.34 3.61 
Rake  0.40 0.37 0.37 0.35 0.35 0.35 0.32 0.32 0.35 
Bale oat straw, alfalfa, stover 8.03 7.12 7.26 6.99 6.84 6.65 6.50 6.50 6.99 
Haul oat straw, alfalfa, stover 1.46 1.28 1.31 1.26 1.24 1.19 1.16 1.16 1.26 
Apply manure 4.35 3.85 3.93 3.78 3.71 3.58 3.51 3.51 3.78 
Chop corn stalks 4.03 3.51 3.58 3.43 3.36 3.24 3.14 3.14 3.43 
Power unit 1 12.6 11.5 11.7 11.3 11.2 10.9 10.7 10.7 11.3 
Power unit 1.2 12.6 11.5 11.6 11.3 11.1 10.9 10.7 10.7 11.3 
Power unit 1.3 12.6 11.5 11.7 11.4 11.2 11.0 10.8 10.8 11.4 
Power unit 2 25.1 23.0 23.3 22.6 22.3 21.8 21.4 21.4 22.6 
Power unit 3 29.7 27.7 27.9 27.4 27.0 26.6 26.2 26.2 27.4 
Costs were estimated from the year of purchase to the end of ownership period using Iowa State University’s Machinery Cost 
Calculator (Edwards 2015). 
a Costs per mass of harvested product were converted to costs per hectare using grain yields for each year. Auger and dryer costs were 
collected from Duffy and Smith 2008-2009, Duffy 2010-2014, and Plastina 2015.  
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Appendix 9. Feed rations for cattle in the 2-yr and 4-yr integrated crop-livestock systems.  
2-yr integrated first cycle 
Weight increment (kg) 340-386 386-431 431-476 476-522 522-567 567-612   
Body Condition Score 4 4 5 5 6 6   
Increment start date 1-Feb 4-Mar 4-Apr 4-May 31-May 28-Jun   
Increment end date 3-Mar 3-Apr 3-May 30-May 27-Jun 24-Jul   
Midpoint weight (kg) 363 408 454 499 544 590   
Midpoint date 16-Feb 19-Mar 18-Apr 17-May 14-Jun 11-Jul   
Increment no. of days 33 31 30 28 28 27   
Corn rolled (kg head-1) 119 173 213 233 259 272   
Modified distiller’s grain (kg head-1) 87.2 68.4 59.2 58.4 49.5 45.8   
Corn silage (kg head-1) 373 297 248 213 217 225   
Dical (kg head-1) 7.32 6.92 6.65 6.29 6.24 6.11   
Grower mineral (kg head-1) 4.36 4.09 3.96 3.73 4.93 4.80   
Metabolizable energy ADGa (kg) 1.39 1.47 1.53 1.62 1.63 1.67   
Metabolizable protein ADGa (kg) 1.41 1.48 1.54 1.65 1.64 1.70   
Average daily gain (kg) 1.39 1.47 1.53 1.62 1.63 1.67   
Physically effective Neutral Detergent Fiber (%) 14.0 11.1 9.10 7.80 7.50 7.50   
2-yr integrated second cycle 
Weight increment (kg) 340-386 386-431 431-476 476-522 522-567 567-612   
Body Condition Score 4 4 5 5 6 6   
Increment start date 1-Aug 28-Aug 24-Sep 21-Oct 18-Nov 18-Dec   
Increment end date 27-Aug 23-Sep 20-Oct 17-Nov 17-Dec 17-Jan   
Midpoint weight (kg) 363 408 454 499 544 590   
Midpoint date 14-Aug 10-Sep 7-Oct 3-Nov 2-Dec 2-Jan   
Increment no. of days 28 27 27 28 30 31   
Corn rolled (kg head-1) 104 160 205 235 267 279   
Modified distiller’s grain (kg head-1) 112 88.9 71.0 55.9 37.2 32.5   
Corn silage (kg head-1) 373 297 248 213 217 225   
Dical (kg head-1) 7.32 6.92 6.65 6.29 6.24 6.11   
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Appendix 9 continued. 
2-yr integrated second cycle 
Weight increment (kg) 340-386 386-431 431-476 476-522 522-567 567-612   
Grower mineral (kg head-1) 4.36 4.09 3.96 3.73 4.93 4.80   
Metabolizable energy ADGa (kg) 1.64 1.70 1.66 1.63 1.51 1.44   
Metabolizable protein ADGa (kg) 1.66 1.72 1.67 1.63 1.50 1.46   
Average daily gain (kg) 1.64 1.70 1.66 1.63 1.51 1.44   
Physically effective Neutral Detergent Fiber (%) 14.0 11.1 9.10 7.80 7.50 7.50   
4-yr integrated 
Weight increment (kg) 227-272 272-318 318-363 363-408 408-436 436-499 499-544 544-567 
Body Condition Score 4 4 4 5 5 6 6 6 
Increment start date 1-Nov 12-Dec 12-Jan 12-Feb 16-Mar 15-Apr 15-May 12-Jun 
Increment end date 11-Dec 11-Jan 11-Feb 15-Mar 14-Apr 14-May 11-Jun 25-Jun 
Midpoint weight (kg) 249 295 340 386 431 476 522 556 
Midpoint date 21-Nov 27-Dec 27-Jan 28-Feb 30-Mar 29-Apr 29-May 19-Jun 
Increment no. of days 41 31 32 32 30 30 29 14 
Alfalfa hay (kg head-1) 72.4 49.6 43.4 43.7 34.0 34.5 39.5 19.1 
Corn rolled (kg head-1) 92.8 132 186 239 265 296 311 160 
Oat silage (kg head-1) 201 161 179 138 107 123 102 55 
Modified distiller’s grain (kg head-1) 101 72.7 46.3 32.5 26.3 20.0 14.0 4.31 
Dical (kg head-1) 5.57 4.18 4.27 4.27 4.00 0.00 0.00 0.00 
Calf mineral (kg head-1) 1.82 2.76 2.80 2.80 2.62 4.00 3.82 1.87 
Metabolizable energy ADGa (kg) 1.09 1.47 1.44 1.43 1.55 1.51 1.58 1.63 
Metabolizable protein ADGa (kg) 1.08 1.48 1.45 1.44 1.53 1.52 1.59 1.64 
Average daily gain (kg) 1.09 1.47 1.44 1.43 1.53 1.51 1.58 1.63 
Physically effective Neutral Detergent Fiber (%) 18.0 14.0 12.3 10.0 7.80 7.80 7.50 7.50 
The moisture content of feed components are listed in Appendix 2. Diets were developed using BRaNDS (Iowa Beef Center 2016) for 
a deep-bedded confinement system located in Ames, Iowa. We assumed the cattle were medium (frame size = 6) steers of a beef 
breed. Ionophores were included in their feed. 
a Average daily gain allowable based on metabolizable energy or metabolizable protein.  
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Appendix 10. Pearson’s correlation matrices for crop prices, cattle price ratios (fed price: feeder price), and crop yields measured at 
Marsden Farm experiment between 2008 and 2015.  
 Correlation matrix of crop prices and cattle price ratios  
Crop price or cattle price 
ratio 
Corn Soybean Oat grain Oat straw Alfalfa Calf price 
ratio  
(Nov-July) 
Yearling 
price ratio 
(Feb-July) 
Yearling 
price ratio 
(Aug-Jan) 
Corn  1.00        
Soybean  0.87  1.00       
Oat grain  0.47  0.70  1.00      
Oat straw  0.49  0.76  0.87  1.00     
Alfalfa  0.60  0.85  0.85  0.98  1.00    
Calf price ratio (Nov-July)  0.37  0.35  0.13 -0.13 -0.02 1.00   
Yearling price ratio (Feb-
July) 
-0.24 -0.20 -0.18 -0.47 -0.42 0.80 1.00  
Yearling price ratio (Aug-
Jan)  
 0.68  0.78  0.23  0.29  0.43 0.70 0.28 1.00 
Correlation matrix of Marsden Farm 2-yr rotation yields 
Crop yield Corn Soybean       
Corn 1.00        
Soybean 0.86 1.00       
Correlation matrix of Marsden Farm 4-yr rotation yields  
Crop yield Corn Soybean Oat grain Oat straw Alfalfa first 
year 
Alfalfa 
second year 
  
Corn  1.00        
Soybean  0.87  1.00       
Oat grain  0.42  0.39  1.00      
Oat straw -0.14 -0.27 -0.37  1.00     
Alfalfa first year -0.36 -0.19  0.14  0.00 1.00    
Alfalfa second year -0.56 -0.61  0.06 -0.28 0.49 1.00   
Bolded values are significant (P < 0.05). Corn and oat silage prices are not shown because silage prices were estimated based on grain 
prices. Corn stover prices are not shown because year-specific stover prices were not available. Corn and oat silage and corn stover 
yields are not shown because yields were estimated using grain yields.
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CHAPTER 6. CONCLUSION 
The goal of this research was to investigate C and N dynamics in cropping systems that 
span a range of N management strategies and to use this knowledge to identify management 
practices that result in improved agronomic, economic, and environmental performance of 
farming systems. 
In systems that are largely reliant on synthetic N inputs (i.e., continuous maize and 
maize-soybean systems), I found that fertilizer N is recoupled with C through plant uptake, but 
only when crop growth is limited by N supply. When added in excess of the agronomic optimum 
N rate, fertilizer N does not become incorporated into harvested products or new soil organic 
matter and is highly susceptible to environmental losses. Fertilizer N has a less pronounced 
impact on crop growth and soil organic C (SOC) storage in systems that are only partially reliant 
on synthetic N inputs (i.e., maize-soybean rotation vs. continuous corn system). Moreover, I 
found that the continuous maize system stored more SOC than the maize-soybean system when 
optimally-fertilized, reflecting the fact that the energetically-expensive (i.e., C-demanding) N 
fixation process was externalized in the synthetically-fertilized production system. 
Long-term N-mediated changes in SOC had significant impacts on fertilizer N use 
efficiency in continuous maize production. Interestingly, fertilizer N applied at the agronomic 
optimum N rate was used most efficiently in plots that had historically received low or high N 
inputs and was used least efficiently in plots that had historically received intermediate N inputs. 
Early-season topsoil N retention was a strong predictor of crop fertilizer N recovery at the 
southern Iowa location, supporting the idea that early-season N losses reduce N use efficiency in 
maize production. Contrasting patterns of fertilizer N retention by two distinct mechanisms 
(mineral-association and immobilization) along the historical N rate gradient appeared to explain 
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variation in early-season topsoil N retention, and ultimately end-of-season crop recovery. The 
results from Chapter 3 indicate that sufficient (i.e., yield-optimizing) N inputs over the long-term 
are critical not only for maximizing SOC storage but also for maximizing fertilizer N use 
efficiency in systems that are fully reliant on synthetic N. 
Diverse crop rotations that make use of biologically-based N sources had similar total C 
inputs to the soil as the maize-soybean rotation, but a greater proportion of this C was delivered 
belowground. Soil organic C tended to be greater in the diverse crop rotation than the maize-
soybean rotation at two of three long-term trials in Iowa. However, I did not detect differences in 
the vertical distribution or mechanisms of SOC storage due to cropping system. Overall, 
evidence for greater SOC storage due to enhanced belowground C delivery was limited.   
The economic analysis presented in Chapter 5 revealed no difference in profitability 
between simple cash grain systems and integrated crop-livestock systems. However, increasing 
crop rotation diversity and the integration of crops and livestock resulted in greater labor 
requirements than the simple cash grain system. 
The research presented in this dissertation indicates that simple crop rotations that are 
reliant on synthetic N for high productivity have a similar or greater capacity to sustain SOC and 
generate similar profits as diverse farming systems. Replacing biologically-fixed N with 
synthetic N reduces labor requirements and enables farmers to specialize in grain crops with 
higher energy value. However, less than half of N fertilizer inputs are taken up by a maize crop, 
resulting in negative environmental consequences. Meeting the tripartite challenge of improved 
productivity, profitability, and environmental quality will require innovations to either address 
the externalities associated with specialized production systems or internalize nutrient cycling 
through careful stewardship of biologically-based N. 
